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PREFACE 



Whatever discoveries the century now opening may bring us, there 
can be no doubt of the enormous advance in scientific knowledge 
witnessed by the nineteenth century. That one hundred years ago 
there was no travelling by rail, no electric telegraph, no telephone, 
no electric or gas lighting, no photography, no chloroform — not to 
mention such trifles as matches — this shows that no mean advance 
has been made. But, amongst all the discoveries of the past century, 
there is none more important — from some points of view, at least — 
than the discovery of spectrum analysis, by means of which the 
composition of the sun and stars has been revealed and new elements 
have been discovered, and which is now the most powerful means 
we possess of investigating the constitution of matter. Before 
the discoveries of Bunsen and Kirchhoff no philosopher had ever 
ventured to think it possible that we should be able to analyze the 
sun and stars. The idea of its possibility is said to have occurred 
to these philosophers of Heidelberg on the occasion of a fire at 
Mannheim, when, looking at the distant conflagration through the 
newly constructed instrument, they, j-^ccgnized the^ presence of 
strontium amongst the burning mat^ii^i, and ihe ihOu^^^. Recurred 
to them, " If it be possible to recognize, a .substajice by the nature 
of the light emitted a few miles off*, why not afeo^^ an^ distance ? " 

"By the methods which have become- possible .,§roce i860 by 
the introduction into the observatory ^f: the: ^pecao^t ope and the 
modem photographic plate, a great harvest has been gathered by 
many reapers. Spectroscopic astronomy has become a distinct and 
acknowledged branch of the science, possessing a large literature 
of its own, and observatories specially devoted to it. The more 
recent discovery of the gelatine dry plate has given a further great 
impetus to this modern side of astronomy, and has opened a path- 
way into the unknown, of which even an enthusiast forty years 
ago would scarcely have dared to dream. 

" In no science, perhaps, does the sober statement of the results 
which have been achieved appeal so strongly to the imagination 
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and make so evident the almost boundless powers of the mind of 
man. By means of its light alone to analyze the chemical nature 
of a far distant body ; to be able to reason about its present state 
in relation to the past and future ; to measure within an English 
mile or less per second the otherwise invisible motion which it 
may have towards or from us; to do more — to make even that 
which is darkness to our eyes light, and from vibrations which 
our organs of sight are powerless to perceive, to evolve a revelation 
in which we see mirrored some of the stages through which the 
stars may pass in their slow evolutional progress — surely the record 
of such achievements, however poor the form of words in which 
they may be described, is worthy to be regarded as the scientific 
epic of the century." * 

As the handmaid of astronomy, spectrum analysis has thus 
opened up to us a field of research of the greatest interest and 
importance. But in the opposite direction, also, it has been, and 
will be, of the utmost service as a means of investigating the 
minutest structure of matter. In a drop of water, we are told, 
the number of molecules is so great that, if we could see them 
when the drop was magnified till it had, apparently, the dimen- 
sions of our earth, they would appear like a heap of tennis 
balls in number something like 9,556,000,000,000,000,000,000,000. 
Yet in each molecule we have two atoms of hydrogen and one 
atom of oxygen, and, according to the latest views, within each 
atom of hydrogen there are some thousand electrified " corpuscles ; " 
and it is the rhythmical vibrations of these infinitely minute 
particles, executed perhaps five hundred million million times 
every second,^ whi(:h, \Ye cacec£\Jble to investigate by means of the 

spectrcfefcQffe: :V •i;/v /J?/^^ 

TKe 'reality thi^ ^^ige^^ the imagination of the poet — 

^Ji. c c c *- cl ^ c^* A globe of dew, 
Filli?i|fc*ihtfhe?morning new 
<- §^ii9fej^y5Bii Slower whose young leaves waken 
On an unimagined world : 

Constellated suns unshaken, 
Orbits, measureless, are furFd 
In that frail and fading sphere, 
With ten millions gathered there, 
To tremble, gleam, and disappear." 

These investigations into the infinitely great, and infinitely small, 
will have for some minds the greatest attraction ; others will, 

* Sir William Huggins. 
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perhaps, attach more importance to the utilitarian applications of 
spectrum analysis and the services it has rendered in the discovery 
of new elements, the certain detection of traces of rare substances 
in ordinary chemical analysis, and so on. In the present work, 
the Author has sought to explain principles and procedure from 
the very beginning, as well as to give an account of the refinements 
and achievements of this method of analysis, which have marked 
its latest developments. There is a very large amount of work 
waiting to be done, both by those who have the command of fine 
instruments and elaborate apparatus, and also by those who have 
only the simplest means, and it is hoped that to these last, especially, 
this book may prove a useful guide. 

The Author desires to express his thanks to many friends for 
permission to reproduce photographs, etc., in illustration of this 
work, which show, better than pages of description, the results 
which have been obtained in spectrum analysis; to the Editors 
of the Astrophysical Journal ; to Sir W. Huggins; to Mr. Higgs, 
for the use of his admirable photographs of the solar spectrum, 
obtained with Rowland's grating ; to Professors Kayser, Runge, 
Paschen, Eder, and Valenta, and others. 

W. M. W. 
June 21, 1904. 
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^DJf TV PRODUCE A SPECTRUM. ^^^B 

Before we enter upon a description of the methods of spectroscopy, 1 
and of the various instruments as they are supplied by the optician, 1 
it will be well to consider what a spectrum is, and the simplest and 1 
most inexpensive method by which it can be produced. We shall 1 
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2 An Introduction to the Study of Spectrum Analysis. 

flame. If the flame is non-luminous, and is then coloured yellow 
by putting common salt into it, or by bringing a bead of melted 
sodium carbonate on the end of a thin platinum wire into it, we 
shall see a yellow flame, but not where the flame actually is. The 
rays of light from the flame are bent in passing through the prism, as 
shown in Fig. 2, where A represents the position of the flame, and B 
that of the observer's eye ; a yellow image of the flame is seen at Y. 




B 

Fig. 2. 

Now, let a little lithium chloride be brought into the flame ; this 
colours it a brilliant red, and we see a red image of the flame at R, 
less refracted than the yellow image. In like manner, some thallium 
chloride colours the flame a beautiful green, and we see a green image 
of the flame at G, more refracted than the yellow image. These 
differently coloured and differently situated images of the flame 
constitute what we call the si)ectrum of the flame. We shall improve 
our arrangements somewhat by putting in front of the flame a narrow 
vertical slit in a piece of cardboard or thin metal, so as to allow only 
a thin slice of light from the flame to fall upon the prism. The 
substances we have used to colour the flame were chosen because 
each of them gives only one colour, or, in other words, gives mono' 
chromatic light ; but white light is a mixture of light of many different 
colours, so that an ordinary gas-flame placed behind the slit at A 
gives us a succession of images of the slit of many colours without 
break, forming what is called a continuous spectrum ; red at one end, 
passing through orange, yellow, green of many tints into blue and violet. 

If we burn a short piece of magnesium ribbon behind the slit, we 
shall see a very brilliant continuous spectrum, with some bright green 
lines superposed upon it : these are due to the vapour of the metal 
and to the oxide which is produced when the magnesium burns. 

If we place coloured glasses, or pieces of coloured gelatine, or 
coloured liquids between the slit — illuminated by white light — ^and 
the prism, we get absorption spectra : certain colours being cut out 
of the white light. Thus, if we put a test-tube containing a very 
dilute solution of potassium permanganate (Condy's fluid) in front 
of the slit, we shall see five dark bands in the green, due to the 
absorption of light of this particular colour by the solution, which 
must be only faintly pink. 
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The Retraction and Dispersion of Ligtit. 

From any luminous source— a red-hot poker, a can die- flame, 
burning magnesium, the sun, or any other source— waves of light are 
emitted, which are conveyed to the eye through the lumlniferous 
ether with inconceivahle rapidity, and which are spoken of as forming 
rays of light in straight lines from one point to another. 

The velocity with which light travels is (in vacuo) the same for 
all colours of light, and amounts to 300,000,000 metres per second, 
or 186,000 miles per second. In glass or water or other transparent 
medium the velocity is less, and different for different colours, being 
greater for red and less for violet light. The ratio of the velocity 
in vacuo to the velocity in a transparent medium is termed the 
refractive index of that medium, and this is different for different 
colours, Thus for water the refractive index is i'33i for red light, 
i'336 for green, and 1-344 for violet light. For crown-glass the 
corresponding numbers are i'526, rgss, and i'S47; for flint-glass, 
1-628,1 642, and 1-671; and for carbon disulphide, rSar, 1-646, and 
1-709. We may note, in passing, that while for green light the 
numbers for flint-glass and carbon disulphide are about the same, the 
differences between the numbers for red light and violet light arc 
0-043 fof flint-glass, and o'o88 


for carbon disulphide : this is 
what is meant when it is said 
that carbon disulphide has a 
greater dispersive power than 
flint-glass has, and consequendy, 
when using prisms of flint-glass 
and carbon disulphide of the 
same angle, the colours are mori' 
widely separated by the tarbo]i 
disulphide than by the glass. 

Let us now consider a little 
more closely the change in 
direction which lakes place 
when a ray of light passes ob- 
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The law of rcrraction is tliat „ is equal to ihe index of refraction, 

whatever the angle of inctdciict; may be. Tin; angle QIR is called 
the angle of incidenre, and SIP is called the angle of refraction. 
The ratio .yy is called in trigonometry the sine of the angle QIR; 

and the ratio ^ is called the sine of the angle SIP. The refractive 

index, usually denoted by the symbol /i, is then the ratio of the sine 
of the angle of incidence to the sine of the angle of refraction; for, 
since TI=SI, 

'TU\ 






The formula ' 



shall, no doubt, 



want later on. 

If we look tlirough a prism at a distant flame, as explained by 
Fig. 2, and gently turn the prism round a little while walching the 
image, we shall observe lliat the image of the flame moves up to a 
limiting position Y (for the yellow light), and then moves away from 
this position again, although the prism is turned in tlu; same direction 
all the time, This limiting position is the position of minimum 
deviation, and is the position in which the prism of a sjKKtroscope 
is used. 

Fig. 4 shows t!ie path of a ray of light through a prism, at the 
angle of minimum deviation, 
when the course of the raj 
within the prism is equally 
inclined to the two polisbet 
surfaces. The angle of in 
cidcnce at the first surface 
D// is ecjual to the angU 
of emergi;nce at the second 
surface gh'?., and the devia 
tion is twice the angle AifD, 
and this angle is i — r when 
sin « = /isinr. If the ang^ 
of the prism BAC is denote^ 
by a, we have a = zr, ant 




Ho'oJ to Produce a Spcclrum. 5 

This is the formula generally used in determining the refractive 
index of a substance, which is found by observing the minimum ' 
iluviation and the angle of the prism. 

We may use a simplified form of the above formula when the angle 
of the prism is only small. Since the sines of small angles are to 
one another nearly as the angles themselves, we may put / = ^r 



■a mstead 

Ik Wh 
■OEins, tb 
» central 



of si 



= fi sin r 



= (,. - .)... 



When a beam of parallel rays of light falls upon a converging 

IS, the rays are differently bent according to the distance from the 

central point of the leus upon wJiich they fall, so that after refraction 

they are all collected approximately in one point, known as the focus. 

This is represented in Fig. s, where F is the focus of the equi- 

convex lem DRK. 




' Let us suppose that in Fig. 6, .'\BC represents a converging lens 
\ this case a plano-convex tens), thai is the cenlre of curvature 




of the spherical surface, and that a luminous point at Q sends out 
rays of light whicli are refracted by the lens. Let QCO be one of 
these rays, which, travelling along the axis QO, passes through the 
lens without any change of direction, and QB another ray which 
is refracted at B to meet the axis in q. This ray is reftacted as 
if it passed through a prism whose angle is that between the plane 
surface ABC and the tangent plane at B, which angle is equal to 
BOC. The deviation of this ray is equal to the sum of the angles 
KQC, B-/C, If we call BQ n, Bf v, BO r, and BC a, since for small 
angles the sines are iieariy proportional to the angles themselves, we 
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The fact that a disappears from the equation shows that the 
distance of q from C does not depend upon the distance of B from 
C ; in other words, that all rays emanating from Q and falling upon 
the lens are collected at ^, which point is called the focus of Q, or 
the focus conjugate to Q. If we suppose Q to be very far off from 
the lens, then the incident rays become parallel, and since u is now 

infinite, - = Q, and we have - = . In this case a is nearer 

u V r ' 

the lens than is shown in the figure, and becomes the principal focus 
of the lens : putting F for the distance of the principal focus from 

the lens, we have f=- — , and - -f- = ^, the formula which 

connects the distances of the conjugate foci with the distance of the 
principal focus from the lens. This formula is applicable to all 
converging lenses, provided that the pencil of rays is a small one, so 
that no ray falls upon the lens very far from the axis. 

If the pencil of rays is not a small one, then, after refraction, all 
the rays will not go accurately to one point, and those furthest from 
the axis will show the most deviation from the true focus. This 
error is called spherical aberration, and is illustrated by Fig. 7. This 




Fig. 7. 



defect may be remedied by the use of a stop, but, of course, at the 
cost of loss of light. 

There is in each lens a point called the centre of the lens which 
has this property, that any ray of light passing through the centre 
suffers no angular deviation. The direction of any such ray is called 
an axis of the lens. That axis in which the centres of curvature of 
the surfaces lie is called the principal axis, the others are termed 
secondary^axes. In an equi-convex lens, such as shown in Fig. 8, 
the centre of the lens is the geometric centre ; in a plano-convex lens 
the centre lies upon the curved surface. All the rays of light starting 
from any one point of a luminous object, therefore, after passing 
through the lens, are collected into one point on that secondary axis 
which passes through the luminous point, at the distance given by 

the formula - + - = ^p. We see, therefore, that a convex lens 

u V f 

gives an inverted image of the object, larger or smaller than the 

object, according as the distance of the image from the lens is greater 
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or less than the distance of the object from the lens. This is 
illustrated in Fig. 8. 

What has been said about lenses is true for light of any one 
colour or monochromatic light, but when using white light the image 
will be found to be coloured, and this defect of a single lens is termed 
" chromatic aberration." Since violet light is more refrangible than 
red, there will be formed a violet image somewhat nearer to the lens 
than the red image. This defect can be partially remedied by the 
use of an achromatic lens, made of two lenses cemented together ; a 
convex lens of crown-glass, and a concave lens of smaller curvature 
made of flint-glass. The possibility of constructing an achromatic 
lens depends upon the fact that the dispersive power of flint glass is 
greater than that of crown-glass in proportion to the deviation pro- 
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duced, so that if we have two prisms, one of crown-glass and the other 
of flint-glass, of such angles that they produce the same deviation of 
a green ray, the red and blue rays will be more widely separated by 
the flint-glass prism than by the crown-glass prism. This will be 
seen from the following table of the refractive indices of flint- and 
crown-glass for light of different colours : — 





Red light. 


Yellow light. 


Green light. 


Blue light. 


Flint-glass . . . 


1-62775 


I -63504 


I -64202 


1-66028 


Crown-glass . . 


1-52431 


1-52798 


1*53137 


1-53991 


Water .... 


1*33093 


1*33358 


1*33585 


I -34129 


Carbon disulphide 


1-6182 


1-6308 


I -6439 


I 6799 



The differences between the numbers for red light and blue light 
are then, for flint-glass, 0*03253 ; for crown-glass, 0*01560 ; for water, 
0*01436; and for carbon disulphide, 0*0617. A prism of flint-glass 
must have a smaller angle than a prism of crown-glass if it is to 
produce an equal deflection of the green rays, and if it thenjs placed 
in contact with the crown-glass prism, with its refracting angle in the 
opposite direction, the green ray will pass through without deviation, 
but the blue and red rays will be separated. Such a prism is a direct- 
vision prism, such as used in certain forms of spectroscope, viz. 
direct-vision spectroscopes; but if the angles of the prisms be so 
chosen that the separation of the blue and red rays produced by the 
one prism is exactly neutralized by the other, then the blue, red, and 
green rays will pass through without separation (or nearly so), but 
will be deviated through a certain angle. 
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Fig. 9 repri;seiits an achromatic lens, and Fig. lo a direct-vision 
prism com|K)sed of lliree prisms of crown-glass and two prisms of 
flint-glass. 

The spectroscope with due prism, as employed for chemical 
analysis, is represented in Fig. ii. The light from the 
fiame c passes through a fine slit in the plate at the end 
of the tuhe A, which is called tlie col lima tor-tube, through 
the prism P, and into the observing telescope B. 




enlarged view of the slit plate is gi%en in Fig, la. The adjust- 
ment required if. that parallel rays should pass llirough the prism 




1 deviation. The collimator is furnished 
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with a convex lens at the end nearest the prism, and the slit is 
adjusted at the principal focus of this lens, so that the rays fall 
upon the prism as if they came from a slit at an infinite distance. 
To put the instrument into adjustment, the observing telescope 
should first be removed and focussed exactly on a distant object ; 
it is then screwed into its place, and the arm which carries it turned 
round until the telescope is in a line with the " collimator ; the 
slit-tube is then drawn out until it is seen in sharp focus on looking 
through the telescope, and the adjusting screws a and P are moved 
until the middle of the slit is seen in the middle of the field of view. 
The prism is then placed on the table, and fixed in the position 
marked for it by means of the clamp y. This position is that of 
minimum deviation for the green rays, but it is not necessary to alter 
the prism for the red or blue portions of the spectrum. 

The third tube, C, carries a photographed scale and a lens at the 
end near the prism, similar to the collimator. The next adjustment 
is to get this scale (which is seen by reflection in the face of the 
prism) in the right place and in sharp focus. The arm carrying this 
tube turns round the central pillar, and can be fixed in the right 
position by the set-screw k ; the scale can be raised or lowered by 
means of the screw 8 ; the tube can be pushed in or out to focus it 
exactly. It is usual to make the image of the fixed edge of the slit 
coincident with the number 50 of the scale, the scale being illuminated 
by a small luminous gas-flame placed behind it. The use of the 
small movable prism shown in Fig. 12, which covers up half of the slit, 
is to enable the observer to directly compare two spectra. The little 
prism sends the light of the flame D through the slit by total 
reflection, whilst the light from the flame E passes through the upper 
portion of the slit directly. 

It is not possible to construct scales for different instruments 
which shall give exactly the same readings, and of course the scale 
is an arbitrary one. Bunsen's maps are given on the scale of his 
own spectroscope, in which the sodium line is placed at 50, and the 
lithium, strontium, and thallium lines read as follows : 

Li 31*5, Sr 105-5, and Tl 67*8. 

The image of that edge of the slit which does not move when the 
width of the slit is altered is made to coincide with the division 50. 
If this be on the left of the observer, then always the position of the 
left-hand edge of each line and band is to be recorded, and in the 
case of a faint line the slit may be opened to admit more light, and 
yet an accurate reading may be obtained. This refers, of course, 
only to lines which are sharply defined, and not to bands of con- 
siderable breadth. 

The most convenient plan in making a map of a spectrum is first 
to put down, as exactly as possible, the positions of the well-defined 
lines on a millimetre scale on paper, opening and closing the slit as 
convenient, and then to go over the work again, keeping the slit at 
one uniform width, and noting the relative intensity of the lines, and 
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tlic width and cliaractcT of the bands, whether sharply defined at the 
cd.i^es, or hharp at one udj^c and fading away at the other, or bright 
in the mid<lli: and fading away at both edges. There is no better 
plan of recording the ]»ecuHarities of a spc<trum than that employed 
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by lUinson, in which each ])right line is represented by a black mark 
on ihe paper, the lieight of which represents the intensity of the line. 
In JMg. 13 we have a copy of Bunsen's map of the spectra of the 
metals of the alkalies anil alkaline earths, constructed upon this jjlan. 



CHAPTER II. 

FLAME-SPECTRA, 

The spectrum of an incandescent solid is continuous ; a 
discontinuous spectrum of bright lines is produced only by "an 
incandescent gas. The yellow line seen when a salt of sodium is 
introduced on a fine platinum wire into the non-luminous flame of 
the Bunsen burner is due to the vapour of sodium set free by the high 
temperature of the flame, or by the chemical changes taking place in 
the flame between the hot gases of the flame and the salt introduced. 
Bunsen remarks that all sodium salts give the same reaction ; although 
it is obtained more vividly from the more volatile compounds, such 
as the oxide, chloride, bromide, iodide, carbonate and sulphate, yet 
the non-volatile phosphate, silicate, and borate show the line plainly. 
This reaction is of extraordinary delicacy : Bunsen showed that 
0*0000003 milligram of sodium could be detected with certainty by 
the spectral reaction. Indeed, the reaction is too delicate for the 
comfort of the spectroscopist, who finds the sodium line almost 
always present, even when no sodium compound has been intentionally 
brought into the flame. Spectrum analysis thus reveals the wide 
diffusion of substances previously accounted rare ; as of lithium in 
sea-water, river and mineral waters, in tea, coffee and tobacco, and 
in human blood. The invention of spectrum analysis was quickly 
followed by the discovery of new elements ; of rubidium and caesium 
by Bunsen, in the mineral water of Durkheim ; of thallium by Crookes, 
in 1861 ; of indium by Reich and Richter, in 1864; of gallium by 
Lecoq de Boisbaudran, in 1875 ; ^^^ ^^"^ ^^ ^^ ^^^ gases, argon, 
helium, krypton, neon and xenon. 

In Fig. 14 we have shown a large spectroscope of nine prisms, 
constructed by Browning for Mr. Gassiot, known as the Kew 
Spectroscope. Fig. 15 shows the path of the rays of light through 
the prisms ; A represents the collimator, seen on the left in Fig. 14, 
and B represents the observing telescope. 

The carbonates, chlorides, or nitrates of the alkalies and alkaline 
earths are convenient salts to use ; but the chlorates — if they can be 
obtained — are perhaps to be preferred, as in consequence of the 
liberation of oxygen the flame is hotter, and the reaction more 
brilliant. In a flame of low temperature the reaction is much less 
distinct; thus in the flame of hydrogen burning in chlorine the 
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of which consists of two lines, a very brilliant one at 317, and a 
much feebler line at 45'o, If the oxy-hydrogen flame be employed, 
there is seen in addition a blue line at los'z closeto, but a little more 
refrangible than, the strontium blue line. All lithium compounds 
show the red line distinctly, even minerals containing lithium such as 
lepidolite only need to be held in the flame to give the reaction 
distinctly. 

The spectrum of potassium is remarkable, consisting of a Une ii 



the 






I the 



violet, at 175 and is^'o 




respectively, besides a certain 
amount of continuous light. 
Other lines come out in the 
oxy-hydrogen flame at 51*8, 
S3'4> 53'2, 67-x, and 151-7. 
Some of the silicates contain- 
ing potassium do not show ihe 
potassium lines until they are 
heated with sodium carbonate ; 
the potassium felspar " ortho- 
ciase" is in this way easily 
distinguished from the sodium 
felspar "albite." 

The sjjectra of cjcsiimi and 
rubidium show a remarkable 
analogy to the spectrum of 
potassium, the characteristic 
lines in all three being at the 
ends of the spectrum, and all 
three showing a continuous 
spectrum in the centre. Rubi- ''"■• 'i- 

dium {from pvpiSo^, dark-red) 

is named in allusion to Ihe red hnes at 15 5 and ij'S, even less 
refrangible than ihe potassium red line ; it has also characteristic 
lines in the violet at i35"5 and I37'd, and several less characteristic 
lines in the yellow and green. CEsium gets its name from the bright 
blue lines at 106 and 109 {from casiiis, sky-blue) ; the spectrum has 
several other lines in the red, yellow, and green, the brightest of 
which is at 42. 

Like potassium, rubidium and ciEsium are precipitated by platinum 
chloride ; if the quantity of these rare substances in the substance 
under examination is small, the spectruin test is best made with the 
prccipiiate obtained with platinum chloride, by heating this precipitate 
in a current of hydrogen and boiling the residue with a few drops of 
water. 

The sptctra of llie alkaline earths, barium, strontium, and 
calcium, are not quite so simple as those of the alkalies. When first 
introduced into the flame there are seen certain bands which are 
^erent according to the particular salt of the metal used, and which 
i supposed to be due to the compound employed; but tlie final 
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spectrum obtained is the same with all the different salts of any one 
metal, and is partly due to the oxide of the metal produced by the 
reactions taking place in the flame, besides which there appear the 
brightest lines due to the metal itself; for example, the strontium 
blue line at 105, and the calcium violet line at 135, are due to the 
metal. The lines attributed to the special compounds, e,g, chloride, 
bromide, and iodfdes of these metals, are maintained and strengthened 
by introducing into the flame a current of hydrochloric acid or 
bromine vapour, or iodine vapour, as the case may be. These 
differences are clearly shown in Fig. 16, copied (by permission) from 
the drawings by M. Lecoq de Boisbaudran, given in his valuable 
work " Spectres I^umineux," on a scale a little different from Bunsen's 
scale. The spectrum of calcium is at once recognized by the 
characteristic orange band, 40 to 43, and the green band, 61 to 67^, 
The chloride, chlorate, bromide, and iodide give the reaction best ; 
the non-volatile salts must be treated with hydrochloric acid (if it 
decomposes them) or heated with ammonium fluoride. 

The strontium spectrum is characterized by the absence of green 
lines; the brightest lines are the orange band at 44 to 47, and the 
red lines at 30 and 35, but the most characteristic line is the blue one 
at 107*6. The reaction is given best by the chlorate or chloride or 
other haloid salt ; but it is not given by the sulphate, phosphate, sili- 
cate, etc. These salts require a preliminary treatment. The sulphate 
may be reduced to sulphide by heating in the reducing flame of the 
Bunsen, and then moistening the bead with hydrochloric acid ; the 
silicate or phosphate should be fused with sodium carbonate in a 
little spiral of platinum wire ; the residue, after being washed with 
hot water, is moistened with hydrochloric acid, and brought into the 
flame. 

The barium spectrum is given brilliantly by barium chlorate, 
chloride, etc. It presents a splendid series of green bands, the 
brightest of which are at 73 and 78. The non-volatile salts of 
barium require the same treatment as those of strontium. 

In Fig. 16 the lines due to the metal are marked M, and those 
due to the oxide are marked O. In the Bunsen-flame spectrum of 
barium chloride there are three metal lines, 440, 6i'6, and 69*9; the 
strontium spectrum shows two metal lines, 477 and 107 '6; whilst 
the calcium spectrum shows only one line, at 138*2, due to the metal 
The lines due to the compound of the metal with chlorine are 69*8, 
72*9, 74*5, 76*0, 77*6, and 81 'o ; the rest of the lines are no doubt 
due to the oxide. 

In the strontium spectrum the lines due to the chloride are 30*3, 
33'o, and 38*25. In the calcium spectrum the lines due to the 
chloride are 4175, 42*25, 45*0, 45*7, 48 8, 52*2 ; whilst 61*2 and 
62*1 seem to be due to the oxide. We may therefore conclude, 
from spectroscopic evidence, that calcium has a greater affinity for 
chlorine than strontium and barium have, and that barium has a 
greater affinity for oxygen than strontium and calcium have. 

Other metals (besides those of the alkalies and alkaline earths) 
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do not, as a rule, give spectra when their salts are brought into the 
Bunsen flame, either because they are not volatile enough, or because 
they are not decomposed at the temperature of the flame ; and for 
these it is necessary to employ a higher temperature by the use of 
electricity. There are, however, a few substances which give flame- 
spectra, and these may conveniently be described here before we 
proceed to describe the various ways of using the electric discharge. 

Copper chloride colours the flame green or blue, according to 
circumstances ; a bead of the substance brought into the flame melts 
and gives a yellow patch of light bordered with a reddish tint, outside 
this central colour is seen a blue colour, and beyond this, on the 
outside of the flame, a green colour. On continued heating, the 
chloride of copper becomes converted into oxide, the blue colour 
disappears, but the green persists; on bringing hydrochloric acid 
into the flame the blue colour is restored. Professor Smithells has 
shown that the green colour is due to an oxide of copper, the blue 
colour to cuprous chloride, and the yellowish-red coloured portion of 
the flame is due to metallic copper. 

The spectra of oxide of copper and chloride of copper are shown 
in Fig. 1 7 ; the two spectra are generally seen together. 

Gold chloride gives a greenish colour to the flame, the spectrum 
of which is drawn in Fig. 17. Hydrochloric acid is essential to its 
production, and the spectrum is therefore regarded as due to the 
compound of gold and chlorine. 

Lead chloride colours the flame blue, and behaves very much as 
copper chloride does, giving a spectrum due to oxide of lead, besides 
lines due to the chloride. 

Bismuth chloride gives a spectrum of bands due to the oxide, and 
on continued heating a line at 100 (wave-length, 47227) due to the 
metal. 

Manganese chloride and manganese oxide give a fine spectrum 
of bands due to the oxide, especially in the oxy-hydrogen flame. 
This spectrum is drawn in Fig. 17. 

Other substances giving flame-spectra are boracic acid and 
phosphuretted hydrogen ; their spectra are also given in Fig. 1 7 . 

A trace of a phosphorus compound brought into a hydrogen-flask 
suffices to colour the flame of the hydrogen green, and to give the 
three green lines at 73, 79, and 59. 
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CHAPTER III. 

SPECTRA PRODUCED BY MEANS OF ELECTRICITY. 

In order to produce the spectra of the less volatile metali 
electricity must be employed ; either the electric arc produced by 
battery or by a dynamo, or the spark of an induction coil, or, ji 
the case of gases, the discharge of the coil through an exhausted tub( 
containing the gas. The most convenient method of obtaining thes 
spectra in the laboratory Is by the use of an induction coil i 
battery, unless the laboratory is fitted with the electric light, in wbic 
case there is no need of a battery. An induction coil, or " 
korff coil," is shown in Fig. i8 ; it should be large enough to give a 




least a two-inch spark in air when worked by four or five Grove C^ 
or the same number of bichromate cells, if these are found tn 
convenient. The spark may be made to pass between a piece of' 
metal under examination in the form of wire, or pieces held in 
forceps of a spark-discharger as shown in Fig. 19. Somctimoa 
Leyden jar is used, which is connected as shown in Fig. 20. 
spark between metal electrodes gives both the spectrum of the r 
and also that of the air or other gas surrounding the spark. Tt 
tinguish the lines due to the metal from those due to the aii 
spark may be surrounded by hydrogen ; it is for this purpose 
the httle glass tube shown on the right in Fig. 19 is used. The 
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due to Iiydrogen are few in number and easily recognized, wheroas 
those produced by air are exceedingly numerous, and may all but 
obscure the lines due to the metal. The relative extent to which 




the lines ikji.- ,■ ■ ■ ■: i.' iids very much upon 

the volatility rjl" the mcl.il, <ind the length of the spark. If the spark 
is only weak, the metal lines may be seen only in the close neigh- 
bourhood of the poles, and are thus discontinuous, whilst the air lines 




. right across from one pole to the other. The appearance of the 

i.irk may be altered by regulating the adjustment of the contact- 

Utaker of t!ie coil. When this is made to worlc more slowly by 

Dtening the tension, the metal lines become brighter, and those of 
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the air less marked. VVuli electrodes or platinum the metal lines 
arc very few ; iridium is, perhaps, still better. 

It is, therefore, very important to make oneself familiar with this 
spectrum of air, and it is therefore given, under difterenl conditions, 
in Fig. 17, where No. 7 shows the spectrum of the positive pole with 
a spark of moderate length (the band spectrum of nitrogen) ; No. 8, 
the spectrum of the negative pole under the same conditions ; No. 9, 
the spectrum of a long spark (lines of oxygen, nitrogen, and hydro- 
gen) ; and No. 10, the spectrum of a very short spark between 
platinum wirea moistened with hydrochloric acid. In this last draw- 
ing there are shown lines of hydrogen at 337, iji'75 ; lines due to 
chlorine at 64'25, 6472, 6s's8, 66-8o, 74'oo, 79'i8, 80-30, 8S-47, 
89'67, 94'30, 9S'47, 96"o5, and 96-80 ; and lines due to platinum at 
63-55 and 7o'38. 

There is sometimes an advantage in using a lens between the 



source of light and the slit ; this is adjusted so as to throw a shaip 
image of the source of light — flame or spark^upon the slit. B; 
this means we can distinguish the different spectra proceeding &os| 
different portions of the spark or flame. 

If the experiment be tried with an ordinary candle-flame, using i 
small hand-spectroscope with the slit horizontal, we get, when ffiB 
middle of the image fails across the slit, the continuous spectrranil 
white light ; but if the very tip of the flame fallson the slit, we fas^ 
the one bright yellow line of sodium, and if we make the image d 
the blue base of the flame fall upon the siit, then we get the spectnfl 
of bright lines (to be afterwards described) known as the " Swan' 

If the spark is placed horizontaUy, and the image of it thrown o 
to a vertical slit, the spectrum of the vapour surrounding each pol 
can be more clearly distinguished from that of the surrounding gi 
With this arrangement all the lines of any one substance are seen n 
to be of the same length. This is shown in Fig. 21, which is copii 
from a photograph of a portion of the spectrum obtained from th 
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arc between poles of carbon impregnated with a strontium salt which 
contained calcium as an impurity. The longest lines at 4078 and 
4215 are due to strontium; there is a long line of calcium at 4227, 
and the four short lines on the left are due to impurities of calcium 
and aluminium contained in the carbon poles. These four lines 
(of which the two outer ones are due to calcium, and the two inner 
ones to aluminium) are always seen in the photographs of arc spectra, 
whatever the substance used. 

We get a hotter spark and brighter spectra by using a Leyden jar, 
of which the inner coating is connected to one terminal of the coil, 
and the outer coating to the other terminal. This arrangement is 
shown in Fig. 20; in Fig. 19 the Leyden jar is contained in the box 
which forms the base of the instrument 

Instead of using metallic electrodes of the substance to be in- 
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Fig. 22.* 



vestigated, we may employ its salts in the solid form or solutions of 
the salts. Convenient arrangements for this purpose are shown in 
Figs. 2a and 22*. The apparatus shown in Fig. 22 is for the use of 
dry salts. It consists of a little conical cup made out of an aluminium 
rod about \ inch in diameter ; a fine hole is drilled in the bottom of 
this cup, into which a platinum wire is inserted (like the wick of a 
candle); this cup is employed in the spark-holder as the bottom 
electrode, the upper electrode being a piece of wire of copper or 
some other metal ; the salt to be examined is pressed into the cup, 
the use of the platinum wire being to confine the spark to the centre 
of the salt, and thus to render it steady. 

The apparatus shown in Fig. 22* is for use with solutions ; it is 
made out of a piece of glass tubing, about \ inch in diameter, closed 
at the bottom like a test-tube. A platinum wire is melted through 
the bottom to serve as the lower electrode, and a bit of thin glass 
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tubing is dropped over this ; the solution to be examined is put into 
the tube and adjusted to such a height that it rises by capillary 
attraction to just cover the electrode. The upper electrode is a 
platinum wire, melted into a glass tube which passes through a cork 
fitting the top of the test-tube, and which is easily adjusted within the 
required distance from the bottom electrode. The two other glass 
tubes shown, passing through the cork, enable a current of hydrogen or 
other gas to be passed through the tube to displace the air, if required. 

The work of M. Lecoq de Boisbaudran, entitled "Spectres 
Lumineux," contains a very careful series of measurements of the 
spark spectra of the metals, as seen in a short simple spark in air, 
between platinum poles moistened with the solutions of the metallic 
salts. These are accompanied by an atlas of drawings, from which 
many of our figures are copied by permission. M. Lecoq de Bois- 
baudran employed a coil giving a spark of from 2 to 5 cm. length j 
he recommends the use of a rather short spark with solutions of the 
chlorides of the metals ; he finds that, under these conditions, the 
lines due to the air and to the electrodes do not interfere with 
the results to any great extent. 

On comparing the drawings of the spark spectra of sodium, 
lithium, and potassium with those of the flame spectra of the same 
elements, we see that the higher temperature of the spark gives rise 
to many more lines ; so that, for example, instead of the one line of 
sodium and the two lines of lithium in the flame, we have in the spark 
eight lines due to sodium and four lines due to lithium, and thirty-one 
lines in the case of potassium. Some of these additional lines are 
obtained in the flame spectrum by feeding it with oxygen instead of 
air. It seems, therefore, as if these additional lines were due simply 
to the higher temperature of the source of light. With barium, 
strontium, and calcium the case is somewhat different, since in the 
flame spectra we have bands due to the oxide of the metal and to 
the chloride or other salt used, and some of these bands disappear at 
the higher temperature and are replaced by additional lines due to 
the metal itself. 

In the spectrum of manganese chloride produced in the gas, we 
have a series of bands due to the oxide of manganese. In the spark, 
not too short, we have these bands again, as well as certain conspicuous 
lines due to the metal itself; and if we make the spark short enough, 
the bands of the oxide disappear, and the lines of metal become more 
numerous and decided. These spectra of manganese are shown in 
Fig 17, No. 4. We get also a spectrum of bands due to the oxide 
with aluminium, if we employ electrodes of the metal, or if we use 
aluminium chloride at the negative pole. 

The bands of copper chloride, shown in Fig. 17, are obtained, 
together with the lines due to copper itself, in the spark with copper 
chloride. The spectrum obtained with magnesium chloride is shown 
in Fig. 23. It shows a very strong double line at 76, and a shaded 
band beginning at 83*8,* and fading away towards the blue end of the 

* In the figure this band is shown at 88*8 by mistake. 
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spectrum. This band is due to the oxide of magnesium, and is 
obtained very brightly in the spectrum of burning magnesium together 
with the double line at 76, which is due to the metal itself. This 
line is really triple, and can be seen as such if the slit be made very 
narrow. It coincides with the dark line known as " little ^ " in the 
sun*s spectrum. Three other less conspicuous lines of the metal are 
seen at 617, ioi,and ii6'6. These are the chief examples of oxide 
spectra produced in the spark ; in all other cases the lines seen in 
spark spectra are those of the metal. In the spectrum of zinc we 
have three bright lines at 94*6, 1 00*05, ^'^^ 102*6, forming a wide 
triplet, and in the spectrum of the allied metal, cadmium, we have 
three similarly spaced lin^s at 80, 95*4, and 102*8. In the spectrum 
of silver the chief lines are two green ones at 64 and 74*4. 

Mercury and mercury salts give a spectrum in which the chief 
lines are a yellow double line at 53*0 and 537, a green line at 64*1, 
almost in the same place as one of the silver lines, and a blue line at 
126*4. This spectrum may also be obtained from a vacuum-tube 
containing mercury highly exhausted, and is given very brilliantly by 
the Cooper-Hewitt mercury-light, where the arc-light is produced 
between mercury electrodes. 

In the spark spectrum of lead the chief line is a blue one at 155*9. 
If a solution of lead chloride is employed, this is the only line seen, 
but with a solution of the nitrate we have also the lines at 84, 747, 
59, and 46*8. The spectrum as drawn was obtained by the use of 
electrodes of metallic lead. 

Salts of thallium in the flame give one brilliant green line at 68*4, 
and a second faint line at 56*5. When the spark spectrum is examined, 
besides the flame-line in the green there are seen two lines in the 
red and orange, several lines in the green, and a well-defined line in 
the blue. Thallium was discovered in 1861 by Sir W. Crookes by 
means of its spectrum. 

In 1864, Drs. Reich and Richter observed two deep-blue lines in 
the spectrum of a variety of zinc ore, and were thus led to the 
discovery of a new metal, which received the name "indium." 
Indium chloride colours the flame deep blue, and the spectrum shows 
two lines in the blue at 114*5 and 150*8. 

The spark spectrum of tin is characterized by two lines, a blue 
line at 113*4, and a yellow line at 58*2; two lines a little more 
refrangible than this yellow line, at 59*6 and 6o*6, are feeble, but if a 
Leyden jar is used these two lines become the strongest in the whole 
spectrum. 

The most characteristic lines of bismuth in the spark, are 99*91 
6o*9, 74*3> and 149. 

Antimony only gives a bright spectrum with strong solutions ; the 
chief lines are in the red and greenish yellow at 46*8, 60*3, 43-5, 
and 44*8. 

A solution of chloride of gold subjected to the spark gives a ^ 
brilliant spectrum, containing some of the bands of the flame spectrum 
and in addition, sharp lines due to the metal. The most characterisd 
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of these are a yellow line at 51*6 and a red line at 39*9, then green 
and blue lines at 957, 73*4, 8f, and 57'3. 

The spark between electrodes of platinum does not give lines due 
to the metal unless the spark be very powerful or a Leyden jar be 
employed; with the ordinary spark only air lines are seen; but if the 
electrodes are moistened with a solution of chloride of platinum 
a brilliant spectrum of fine lines is obtained. It is advisable to 
employ a short spark and moderately concentrated solution. The 
chief lines are 63*6 and 70*3, then 81*25, 73*5, and 66-8. 

With a solution of chloride of palladium the chief lines are green 
lines at 707, 76*3, and 6i'i. 

Iron, cobalt, and nickel give very complicated spectra. They 
are best obtained from solutions of the chlorides of the metals. 

The most characteristic lines of iron are three green lines at 71*8, 
69'3, and 73*4, then two blue lines at 86*3 and 88*25, and a violet 
line at i24'3. 

The most characteristic lines of cobalt are a fine double line at 
68*25 ^"^ 6^*75 i" ^^ green, a somewhat wider double line at 71*3 
and 71*9, a single line at 74*2, and blue lines at 91*3 and 92*9. 

The most characteristic lines of nickel are a bright green line at 
63*6, another at 80*2, and a blue line at 100*4. 

The most characteristic lines of titanium are 40*4 in the red, 62*2, 
74*3, 80*9 in the green, and a group of blue lines, iio'c, 110*7, 111*6, 
and 112*7. 

Molybdenum is recognized by a group of three lines in the green 
at 60*3, 6 1 '6, and 62*5 ; and lines in the yellow and orange at 50*1 
and 46*i. 

The simple spark between fragments of arsenic gives only a 
continuous spectrum, but if a Leyden jar be employed, a very large 
number of lines are obtained. Arsenic may, then, be recognized in 
minerals containing it by red lines at 42*5 and 44, green lines at 57*5, 
6o*7, 62*8, 69*2, and others. Only the strongest lines are shown in 
the figure. 

Beryllium is recognized by the blue line at no; minerals con- 
taining it must be fused with an alkaline carbonate. Count de 
Gramont, in his treatise on the application of the spectroscope to the 
analysis of minerals, recommends carbonate of lithium ; the mineral 
in fine powder is fused with the lithium carbonate in a loop of 
platinum wire placed in a Bunsen burner, and the spark is made to 
play upon it while in the flame, so that the bead is kept liquid or 
pasty. 

The silicon in silicates can be easily recognized by the same 
method. The most characteristic lines of silicon are two lines in the 
red at 47*8 and 48*4, and a double green line at 81*2 and 81*9; 
the double blue band at 147 to 148 is also very characteristic, 
especially if the method of photographing the spectrum be employed. 

Germanium is recognized by two broad and bright lines in the 
orange at 46*3 and 50 ; this last line is apparently coincident with 
the sodium line, but it is really a little more refrangible. 
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Vanadium can be recognized in a mineral by a group of lines in 
the indigo at 122*3 ^^ 124*5. 

Zirconium gives a brilliant spectrum of lines in the green, blue, 
and violet. A silicate containing zirconium fused with lithium 
carbonate shows the group of blue lines at 94*4 to 102, and the pair 
of violet lines at 139*4 and 140*7. 

Chromium is recognized by a group of three lines in the violet at 
132*3, 133*7, and 135*6, and by the close triplet of lines in the green 
at 7 4*3 to 74*5 ; with a single prism this will appear as a strong 
single line. 

Carbon can be recognized in the spectrum of fused alkaline 
carbonates by the line at 134*5, which with increase of spark strength 
becomes a nebulous band. Without the Leyden jar this and the red 
line are the only lines seen ; the spectrum is best obtained by the 
use of a Leyden jar and air-break. The same spectrum is obtained 
from the spark between electrodes of graphite. 

The spectrum of selenium is shown in Fig. 25. It is obtained 

by taking the spark with Leyden jar between platinum wires covered 

with melted selenium, or between fragments of any of the selenides. 

The most characteristic lines are those in the green : 70*2, 71*7, 72*4, 

73*6, 75'8» 77*4, 79*5; and the three lines in the red: 35*1, 35*4, 

36*4. 

The most characteristic lines of tellurium are 36*3 in the red, 

47*6 and 48*7 in the orange, 54 and 55*5 in the yellowish green, 57*5 

and 59*5 in the green ; it is necessary to employ the jar. 

Sulphur gives both a line spectrum and a spectrum of bands, 
which are shown in Fig. 26. If the spark, with jar, is made to pass 
between wires of platinum covered with sulphur, or between fragments 
of sulphides, the most characteristic lines are the red group of five 
lines at 36 and 39, the green lines at 64*5 and 65*1, 68*5 and 69*6. 

The band spectrum of sulphur is obtained by passing the current 
from the induction coil through an exhausted tube containing sulphur 
which is heated by means of a Bunsen burner. 

In Fig. 26 are shown the spectra of the minerals berzelianite and 
argyrodite, a comparison of these spectra with the spectra of the 
various elements given, shows that berzelianite contains selenium, 
copper, silver, and thallium ; and argyrodite contains sulphur, silver, 
and germanium. It was in this mineral, one of the silver ores found 
at Freiberg, that germanium was found by Winckler in 1886. 

In the case of the elements which are gaseous at the ordinary 
temperature, or which are easily vaporized, the spectra are often 
very conveniently obtained by the use of exhausted tubes, known as 
Geissler or Pliicker tubes. Such a tube is shown in Fig. 28. The 
electrodes consist of platinum wires melted into the glass, one at eadi 
end of the tube, and the central portion of the tube ab is made narrow. 
This portion of the tube — the " capillary " — is placed in front of the 
slit, while the discbarge from an induction coil passes through the 
tube. The colour of the discharge varies with the nature of the gas 
enclosed, e,g, with hydrogen the colour is red, with nitrogen vicWtj 
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xflnd with helium it is yellow. The pressure of the gas left in the 
tube is usually only a few millimetres of mercury; if the pressure is 
too great the discharge refuses to pass, or takes place only as a thin 
thread-like spark, but as the pressure is reduced the light given out 
by the tube becomes brighter, and the discharge fills the whole lube. 
The colour is often different in the wider portions of 
the lube from that of the capillary, and the colour 
(and spectrum) of the negative pole, B, is often 
different from that of the positive pole. A, and different 
again from that of the capillary, ab. It is, however, 
the capillary portion always which is adjusted in front 
of the slit. 

The spectrum given by a Geissler tube is jiot 
always that of the gas present in the lube in tbi; 
largest proportion. It is extremely diiBcuU, in fill- 
ing the tube, lo avoid the presence of impurities, 
and it may happen dial the electric discharge picks 
out one of these impurities, and renders it luminous, 
so that the tube may give the spectrum of some- 
thing quite different from the gas supposed to be 
contained in the tube.' Thus it has happened more 
than once that the spectrum of some unsuspected 
impurity has been described as that of a new element, 
or as a new spectrum of an element. Tubes which 
liave been exhausted by means of a mercury pump 
lomraonly show the spectrum of mercury, often to 
the exclusion of all else, and al high exhaustions the 
commonest spectrum is that of an oxide of carbon, 
due to dust in the tube, or to the grease used in 
lubricating the taps, so that the evidence obtaini^d 
by the use of tubes only is to be received with very 
great caution. 

If the gas in the tube is hydrogen, the spectrum 
consists mainly of three bright lines, shown in Fig. 
36. Hydrogen vacuum tubes generally show, besides 
lliese three lines, a large number of feeble hues filling 
up the whole spectrum ; these constitute the so-called 
- condary spectrum of hydrogen, but it is not certain 
.l:jt they are due lo hydrogen itself. It is very diffi- ''"^' ^3. 

lilt to obtain absolutely pure hydrogen, and especially 
> free it from all traces of water. A tube filled with water va[X)ur 
. : vca practically the same spectrum as has been described. 

Helium is one of the gases discovered by means of spectrum 
1 1 lalysis. The most characteristic line in its spectrum is an extremely 
brilliant yellow line, a littJc mote refrangible than the sodium bne. 
This line was first seen in 1868, at the time of a solar eclipse, in the 
light from the prominences and chromosphere of the Sun, but no 
Wlb stance of terrestrial origin giving the same line was known, 
jvertheless, it was concluded by Lockyer that there must be an 
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element characterized by this particular line, and he gave to it the 
name "helium," from the Greek word for "Sun," and for twenty- 
seven years helium was known only as an element existing on the sun. 
But in 1895, Sir W. Ramsay obtained from the mineral clevite a 
new gas, which turned out to be the long-sought helium. Since then 
this new gas has been obtained from other minerals, and has been 
found to exist in small proportion (one in a million) in air. At a 
pressure of 7 or 8 millimetres the helium tube glows with a brilliant 
yellow light, and gives the spectrum shown in Fig. 26. If the tube - 
is more highly exhausted, the green line at 83*3 becomes much the 
brightest, and the tube emits a brilliant green light, but only if the 
gas is pure. When mixed with other gases, helium is best detected 
by the green line in tubes highly exhausted. 

Argon is another gas existing in the air, discovered in 1894 by 
Lord Rayleigh and Sir W. Ramsay; it appears to constitute about 
I per cent, of the atmosphere. A vacuum tube containing argon 
glows with a red light ; the spectrum is complex ; showing chiefly red 
lines and only feebler lines in the blue ; but if the tube is connected 
with a Leyden jar, the colour of the light becomes blue and the 
spectrum changes, the red lines having become fainter, and many new 
green and blue lines having appeared. 

The behaviour of oxygen in a vacuum tube is peculiar ; it is not 
to be detected when mixed with other gases, and as already remarked, 
air in a vacuum tube shows the same spectrum as nitrogen. A tube 
filled with pure oxygen, when not much exhausted, shows a continuous 
spectrum with a thin thread-like spark. As the exhaustion is increased, 
four lines make their appearance from the capillary, and these get 
brighter as the tube is further exhausted, while the glow from the 
negative pole spreads into the capillary, so that we now have the four 
lines superposed upon the special spectrum of the negative pole. If 
a Leyden jar and air-break be used, the four lines disappear and give 
place to the " elementary line spectrum," which is mapped in Fig. 16, 
No. 9. The four lines constitute the " compound line spectrum " of 
oxygen ; it is mapped in Fig. 26. 

It appears that oxygen is capable of giving no less than seven 
different spectra. 

Nitrogen in a vacuum tube gives a spectrum of bands, shown in 
Fig. 27, No. I. It shows a number of bands of one character in the 
orange and yellow, and an extensive series of bands of a different 
character in the blue and violet. This spectrum is entirely different 
from that given by the gas at atmospheric pressure when the spark 
with Leyden jar is sent through it. The line spectrum then obtained 
forms part of the air spectrum shown in Fig. 16. There is also a 
different band spectrum seen at the negative pole, so that it appears 
that nitrogen, like oxygen, is capable of giving several different 
spectra. 

Besides argon and helium, Ramsay and Travers have found in 
air three other new gases, neon, krypton, and xenon, the spectra oL^ 
which are shown in Fig. 27. Of neon there appear to be one or t'||0 

i 
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parts in 100,000 parts of air; the spectram has a yellow line a little 
more refrangible than the characteristic helium line, and a mass of 
orange lines to the left of this, besides a characteristic triplet in the 
green. 

There is about as much krypton as helium in the air — one in 
1,000,000 parts. The most characteristic lines in the spectrum are a 
bright green line at 60*2, and pairs of lines in the red, orange, blue, 
and violet. 

Xenon occurs in still smaller quantity ; its brightest lines are in 
the blue. 

Chlorine seems to give only one spectrum — a line spectrum. This 
is obtained either by the discharge through a vacuum tube containing 
chlorine, or by sparks in the gas at ordinary pressure, or from fused 
chlorides, or minerals containing chlorine. The vacuum tube gives 
the best result with chlorine at a pressure of 50 to 100 mm. The 
lines by which the presence of chlorine is best detected are four lines 
in the yellowish-green at 64 to 67, a bright green line at 74, which 
is seen to be double on employing a higher dispersion, and a group 
of blue lines at about 95, in which three lines are very strong. 

A vacuum tube containing bromine shows a spectrum of lines ; 
the same lines are seen with fused bromides or minerals containing 
bromine when the spark is made to play upon them. The brightest 
lines are a group of blue lines at 94*4, 96 i, loi'i, and 102 8 ; green 
lines at 69-1, 70*2, 73-1, 75*5, and 76*4. 

The spectrum of iodine is still richer in lines than the spectra of 
chlorine and bromine. The principal lines are at 48*3 in the red, a 
group in the yellow from 53 to 58, lines in the green at 62*8, 62*9, 
63*9, 65, 6 »'2, 68*6, 68*9, 76*5, besides many blue lines. 
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CHAPTER IV. 

A/iSOKPTIOX SPECTRA,— THE EIJlCTRIC ARC. 

SoMK few substances are best recognized by means of their 
absorption spectra. The substance to be examined will generally be 
in the form of a solution, placed between a bright white light and the 
slit of the spectroscope. Fig. 29 shows a two-prism spectroscope 
arranged for the observation of a solution contained in the test-tube 




Fig. 29. 

fixed before the slit of the instrument ; and Fig. 30 represents a glass 
trough to contain the solution to be used instead of the test-tube of 
Fig. 29. It is better, however, to use a wedge-shaped trough, since 
in this way the effect of different thicknesses of the absorbing medium 
on the spectrum is seen. Fig. 3 1 shows the absorption spectrum of 
a solution of chromium chloride, of which a dilute solution appears 
green to the eye, while a strong solution or a greater thickness of 
solution appears purple or red. The red end of the spectrum is 
shown to the right in the figure, and the position of the dark lines of 
the solar spectrum are marked below, B in the red, D in the yellow, 
E and b in the green, and so on. The bottom of the figure corresponds 
to a small thickness, and the top to a much greater thickness. The 
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small thickness cuts out some light in ihe yellowish-green and in the 
blue, and the light transmitted is therefore of a green colour, but as 





the thickness or strength of the solution increases, the absorption 
increases until at last nothing but red light makes its way through. 

In Fig. 32 we have the absorption spectrum of a solution of 
potassium permanganate ; a very weak solu- 
tion shows 6ve dark bands between n and 
F, but as the thickness or strength of the 
solution increases, all the light in this region 
is absorbed and the bands disappear, a 
solution of moderate strength being purple, 
and a very strong solution allowing nothing 
but red light to pass. This same spectrum, 
as shown by a weak solution, is drawn again 
in Fig. 27, No. 8; it must be understood 
that in such a drawing of an absorption 
spectrum the black marks represent dark 
bands. Some colourless or all but colour- 
less solutions show well-marked absorption 
bands, often useful in detecting the sub- 
slance. Thus didymium and erbium salts 
are easUy detected by means of their absoi 

shows the absorption spectrum of a solution of didymium chloride 
in dilute solution ; the strongest bands are at 53 to 55, and at 73-9 
to 74-6. 

The position of these dark bands in didymium salts is not quite 
the same in the sulphate as in the chloride, each band being slightly 
shifted towards the red, and in a solution of the acetate the bands are 
still further shifted towards the red. Bunsen remarks that "these 
differences in the absorption spectra of different didymium compounds 
cannot, in our present complete state of ignorance of any general theory 
for the absorption of light in absorptive media, be connected with other 
phenomena. They remind one of the slight gradual alterations in 




ption spectra. 
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pitch which ihe notes frora a vibrating elastic rod undergo when d 
rod is weighted, or of the change of lone whlcli an organ pipe exhibu 
when the tube is lengthened." Bunser further calls attention to tfl 
fact thai Ihe molecular weight of the acetate is greater than that of tU 




sulphate, and that the molecule of the sulphate again is heavier 
that of the chloride. 

Fig. 2^ shows the absorption spectrum of erbium chloride 
most conspicuous bands are at 73-4 and 9i-o. 

Coloured gases also give absorption spectra, often of | 
complexity. Bromine, iodine vapour, nitrogen peroside, ic 
monocbloridc give innumerable dark lines. The relationship (I 
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feabaorption spectra to the emisuon spectra of the same nibslanccs 
|be discussed later on. 
inother mode of ignition of the substances to be examined is by 
ie of the electric arc Unless we have at command the supply 
KTtricity from a dynamo, we must employ batteries, and as at 
\ forty cells of Grove or Bunsen are necessary, the method is 
what inconvenient. The carbon, whether volatilizeii or not, is 
carried across from the positive pole to the negative, thus producing 
a "crater" in the positive pole. Fig. 33 shows the incandescent 
poles of the arc; Ihey may be projected upon a screen by the 
•ement shown in Fig, 34. To obtain a steady a 
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^^Hnlt's electric lamp ; in this the carbons arc moved by two trains 
^^^bckwotk, the one of which causes the carbons to approach each 
o^raF, and the other causes them to separate. When the arc is in 
exact adjustment, both trains of clockwork are held by a catch 
governed by tbe armature of an clectio-magnet working against a 
spring. If tlie carbons come too close together, the electro-magnet 
draws the armature forward and releases the set of wheels which 
make tJie carbons separate from each other ; if, on the other hand, 
^ carbons get loo far apart, the current is enfeebled and the spring 
"'" I the armature back and releases the other train of wheels, but 
g as the distance between the tivo carbons is exactly right, both 
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Irains of wheels are locked. As the positive carbon wastes 
about twice as fast as the negative carhon, the clockwork is so 
as to movf the former twice as fast as the latler. An altera 
current may also lie used lo produce the arc ; in this case hoth carl 
wear away at the same rate. There are many other forms of auton 
regulators for the arc, but some form or otiier is necessary. 




The spectrum of the electric arc is, in tlic first place, a 
s])ectrum due to the incandescent solid carbon. Then, 
place, it gives certain bands, the same as seen in the spectrum 
Bunsen flame (see Fig. i6, No. 9), which are believed to be 
the vapour of carbon, the temperature of the arc being that c 
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the volatilization of carbon, or perhaps 3500° C. It must be observeti 
that the temperature of the arc is much /r'jj than that produced by 
the spark from the induction coil, either with or without Leyden jar ; 
and as a result the arc-spectra of the metals are usually much simpler 
than their spark-spectra. Thus in the arc-spectrum there are no 
lines due to arsenic in the portion visible 
to the eye, whereas in the spark-spectrum 
there are some 50 lines. In the com- 
plete arc-spectrum of zinc there ate 
about 73 lines, but in the spark-spectrum 
something like 400 lines have been 
measured.* 

In order to produce the arc-spectrum 
of a metal, the lower carbon is hollowed 
out to form a cup, in which fragments 
of the metal or of one of its salts are 
placed, we then obtain bright lines of 
the metallic vapour superposed upon 
the continuous spectrum of the carbon 
poles. The upper pole is a rod of 
carbon, or sometimes a rod of the metal 
under examination is used. A con- 
venient arrangement for producing the 
arc-spectra of the metals is shown in 
Fig. 36, in which there are six hollow 
carbons, any one of which may be 
brought under the top carbon rod, and 
thus into the right position for obtain- 
ing the spectrum. 

The continuous spectrum due to the 
carbon is fortunately much weakened 
by the introduction of metallic sub- 
stances into the arc, more particularly if 
volatile metals such as cadmium are 
being employed. 

Then the presence of lines due to 
metals other than those intentionally 
introduced and resulting from impurities 
in the carbon rods employed must always 
be expected ; in particular lines due to 

, calcium, aluminium, magnesium, 





ind silicon, as well 



• The arc- and spark-apeclra of the elemenls (according to wave -lengths) are 

Voivcn together io Ihe lables al the end of this work. A comparison wiU show 

■ Sal in sonM coses (he spectra are veiy different [i.^. barium, arsenic, anlimony, 

nchiooiiniii, etc.), and that while generally the spark-lines are mote numerous than 

[the arc-lines, there occur cases in which the arc-spectrum contains lines not seen 

" 1 the spark. When eitiemely exact measnremenls ate made there is observed 

— TT slight shift of the lines in the spark as compared with the same lines in the 

a slight increase of wave-leneth. This is allribuLed lo greater pie=sutc 111 ihe 



i 
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carbon bands already spoken of. Even if the carbons have been 
heated for hours in a current of chlorine, the lines of iron and calcium 
are still to be seen. In Fig. 21, which shows a portion of the arc- 
spectrum of strontium, the first line on the left is due to calcium, the 
next two are due to aluminium, and the next to calcium. These 
four " impurity " lines can be recognized in all arc-spectra. 



CHAPTER V. 

THE DIFFRACTION SPECTRUM. — MEASUREMENT OF WAVE- 

LENGTHS. 

So far we have only spoken of one method of producing a spectrum, 
viz. by the use of prisms. But there is another method — ^and a very 
important method — of producing a spectrum, by the use of what are 
called " dififraction gratings." In order to understand this it will be 
necessary to consider at some length the nature of light, and the 
mechanism by which it is propagated from a luminous source to the 
eye. 

The velocity of light has been measured by several different 
methods, which give concordant results. Romer, in 1676, by ob- 
serving the eclipses of Jupiter's moons, found that light required 
16 minutes and 26 seconds to traverse the diameter of the earth's 
orbit, or 185,600,000 miles. 

Bradley determined the velocity of light from the aberration of 
light The velocity of the earth in its orbit combined with the 
velocity of light has the result of causing a star (apparently) to 
describe a small circle or ellipse once in a year round its true 
position, the diameter of this circle is foundtos ubtend an angle of 
20*445 seconds of arc, and the velocity of light is found by dividing 
the velocity of the earth in its orbit by the tangent of this angle. 

Fizeau, by an arrangement of a rapidly revolving toothed wheel, 
found how long it took Hght to travel a distance of about ten miles, 
and his method was employed with improved apparatus by Cornu. 

Foucault, employing a rapidly revolving mirror, found it possible 
to measure the velocity of light in a room through a distance of only 
a few metres. Foucaulfs apparatus is shown in Fig. 37. m n 
represents a rapidly revolving plane mirror ; the source of light is at 
S, and an achromatic lens, K, is so placed as to throw an image of 
S somewhere on the circle R' S' M M', of which the centre is at 0^ 
the axis of the revolving mirror. If this image, after reflection at the 
revolving mirror, is formed at /, and if a concave spherical mirror is 
placed at M, whose radius of curvature is s\ the light is sent back 
again to the revolving mirror and reflected back again to S, if the 
mirror has not had time to move sensibly while the light was passing 
from <? to / and back again, a bx^di plane, unsilvered plate of glass, 
and O the lens of a micrometer. Observation shows that there is a 
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measurable displacement of the image when the mirror is in rapid 
motion, the ray of light which started towards R' entering the eye at 
O as if it came from S'. 

By placing a tube filled with water, T, between the revolving 
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mirror and a concave mirror at M', it is possible to measure the 
velocity in water, and it is thus shown that in water the velocity of 
light is just three-quarters of the velocity in air. Foucault's method 
has been employed with improved apparatus by Michelson. His 
result is 186,330 miles per second, or 299,890,000 metres per second, 
or 2*9989 X 10^ kilometres per second. The result obtained by 
Cornu was 3*004 ; by Fizeau, 3*15 ; by Romer, 3*10; and from the 
aberration of light, 3*083.'^ 

Light consists in a very rapid vibration of a highly elastic medium, 
called the luminiferous ether, which fills all space, and pervades all 
transparent substances. Light travels from a star (or the sun) to the 

earth by means of waves, 
in which the particles 
vibrate at right angles to 
the line joining the star 
s ^ t*''*t -'- ^r and the eye of the observer,- 

• that is, the ray of light. 

, This is represented in Fig. 

•a' 38, the motion of the par- 

ticles in the row a d \% 
Fig. 38. communicated to the next 

row, which move down, 
and come back to their positions of rest at c ^, then move up'^and 
come back.. to their original positions at bh\ The length ab is 
called a wave-length, and the time of oscillation of any orfe particle 
is the time required for light to travel from a to b, 

* Listing, from a discussion of all Cornu's measurements, thinks the most 
piobable value to be 2*999 » ^"^^ Newcomb has obtained 2*998. .The value may 
therefore be taken as 3C»,ooo kilometres per second. 
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We have seen that when light falls upon a plate of glass, or other 
transparent substance, it undergoes a change in direction, part being 
reflected according to the law of reflection, and part passing into the 
glass, being refracted according to the law of refraction. 

The explanation of these phenomena given by the undulatory 
theory of light is as follows : — when the wave of light reaches the 
surface of the reflecting and refracting surface, each point of that 
surface becomes the centre of a disturbance, which spreads out in 
each medium, but with less velocity in the glass than in the air. Let 
MN in Fig. 39 represent the plane surface of the glass, and sa, s'b the 




Fig. 39. 

direction of an incident beam of light, of which the wave-front is at 
right angles to sa. AVhen the wave-front reaches the surface at b^ a 
spherical wave starts from h as centre, and by the time the wave- 
front has got to rt, the new wave has a radius bd equal to ca \\\ tlie 
original medium, and in the glass the new wave has a radius of only 
two-thirds of ca^ since the velocity of light in glass is only two-thirds 
of that in air. If now from a in the plane of incidence we draw 
tangents to the two spherical surfaces at d and/, these will be the 
wave-fronts of the reflected and refracted beams respectively ; the 
direction of the reflected beam will be bd^ and that of the refracted 
beam bf. 

It will easily be seen that, in the first medium, the triangles abc 
and abd being similar, the angle abd is equal to the angle bac^ that 
is, the incident and reflected rays make equal angles with the reflect- 
ing surface MN, and, therefore, also with the normal, aV ; and the 
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angle which the refracted ray makes with the normal is equal to haf, 
the sine of which is ,, and the angle of incidence is equal to abc^ the 

sine of which is .. 

ah 

The sine of the angle of incidence, therefore, bears to the sine of 
the angle of refraction the constant ratio ac : bf which is the law of 
refraction. The ratio ac\bf\& called the index of refraction, usually 
denoted by ft,, it is simply the ratio of the velocity of light in the first 
medium to the velocity in the second medium.* 

We have now to consider the phenomenon known as the inter- 
ference of light. When any portion of the lumiriiferous ether is 
affected by two waves of equal intensity, they may combine so as to 
produce increased motion and, therefore, greater intensity of light, or 
they may neutralize each other. If in Fig. 40 two waves come 
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together so that they are in the same phase, that is, so that the crests 
and troughs of the one wave coincide with those of the other, we 
shall have an increased effect ; but if the one wave is behind the 
other by half a wave-length, or by an odd number of half wave-lengths 
as shown in Fig. 41, the two disturbances will neutralize each other 




Fig. 41. 

and darkness will be the result. This result may be realized experi- 
mentally by the arrangement of Fresnel, shown in Fig. 42. A beam 
of sunlight enters a dark room by a narrow slit in the shutter, and, 
after passing through a plate of red glass, falls upon a cylindrical lens, 
L, of short focus, and is thereby reduced to a narrow line of red 
light at S. 

The light from S falls upon two plane mirrors I/// Iw', which meet 
at a very obtuse angle, and after reflection proceed as if it had come 
from the two points s s' behind the mirrors. The line in which the 
mirrors meet is parallel to the line of light at S. The spherical 
waves which proceed from s and / as centres are in a condition to 
interfere. 

* There is no light in directions oblique to the reflected and refracted rays, 
because disturbances in these directions destroy each other by mutual interference. 
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The circular arcs represent successive positions of these wave- 
fronts, each arc being further from the origin by half a wave-length 
than the preceding arc. Upon a screen placed at right angles to 
the line Aa we ohtain a series of fringes alternately dark and light. 
There will be increased light wherever a dotted arc crosses another 
dotted arc, or where one drawn full crosses another ; hut there will 
be darkness where a dotted arc crosses one drawn full. It will be 




seen that where the screen meets the line Art we shall have the 
central bright fnnge, and on each side of this we shall have a dark 
fringe at the points determined by the condition that the distances 
from s and i differ by half a wave-length for red light, i.e. at the 
points M « ; we have also dark fringes at the points w', whose distances 
from s and s differ by three-halves of a wave-length, but at the points 
fir, whose distances from s y differ by one or two wave-lengths, />. by 
an even number of half wave-lengths, we have bright fringes. If, there- 
fore, we can measure the distances ns n^ we can determine the length 
of a wave of red light. This is found to be less than the thousandth 
part of a millimetre, or denoting the one- thousandth part of one 
millimetre by the symbol /*, the length of a wave of red light is found 
to be o'656 ;*, and of violet light about 0-4 ^. 

A different method of producing these diffraction fringes is by 
the use of a " grating." Such diffraction gratings were first employed 
by Fraunbofer, who made them by winding very fine wire round two 
parallel screws of very fine thread and equal thickness, or by ruling 
paralld lines on glass with a diamond poiiit by means of a dividing 
engine. 

The finest gradngs now are those known as Rowland gratings. 
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ruled by a fine dividing engine on polished metal, having in one inch 
14438 lines (or 568*44 to a millimetre). 

In Fig. 43 let s represent a luminous point, and / a screen ; 
and let the circular arc //A/// represent any position of the spherical 
wave-front (whose origin is s) between s and p. The effect at / is 
the same as if each point of this arc were itself the origin of a wave. 
From / as centre let a series of circles be drawn with radii increasing 
by half a wave-length, the first having the radius /A, the next pa^ 
then pb^ pc^ and so on. We thus divide the wave-front nk.m into 
*• elements of interference." The element k.a is larger than ab^ ab 
larger than bc^ and so on, but the elements approach more nearly to 
equality as they get further away from A. Now, considering the 





Fig. 43. 
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effect at/, for each point in ab^ there is a point in Ka half a wave- 
length nearer/; interference will take place, and the effect produced 
by ab will be completely neutralized by Aj, but the effect produced 
by Ka will be only partially neutralized by ab. In the same way be 
is partly neutralized by cd^ and so on, and the elements of interference, 
taken in pairs, will neutralize each other more completely the further 
away from A they are. 

The light which reaches P from s^ therefore, comes altogether in 
the direction sY ; none comes in the direction w/, />. light travels 
in a straight line, and not round a corner. But the case is different 
if at km a grating is interposed so as to stop off the alternate elements 
of interference, then light will reach P in the direction ;///. 

This result is, perhaps, seen more clearly from Fig. 44, in 
which SAC represents the direction in which light falls upon a grating 
at Kabc. The distance dO, being greater than cQ, by half a wave- 
length, d'C greater than dO, by the same amount, and so on, light 
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reaches C in the direction ^C, making an angle ^CA with the direct 

Une SAC. If cr be drawn at right angles to dC, the angle c/cr is 

equal to the angle </CA ; dr is the length of a wave, and cd is the 

dr . 
width of a bar and a space of the grating. Hence is equal to the 

sine of the angle ^CA, so that if there are N bars and spaces in one 

millimetre, cd = - - and sine dCA = NX, where X denotes the wave- 

N 

length in millimetres. To an eye placed at C, then, the apj)earance 
represented in Fig. 45 will be presented; the line of light at S is seen 




Fig. 45. 

just as it would be if the grating were not there, but on each side of 
it will be seen a dark space, followed by a spectrum having the violet 
nearest the centre and the red furthest off. This is called the 
spectrum of the first order, and beyond it may be seen a spectrum 
of the second order, with the colours just twice as widely spaced as 
in the first spectrum. The spectrum of the third order overlaps that 
of the second, and the fourth, fifth, etc., overlap the others more and 
more, so that their colours become more and more indistinct. 

The measurement of the exact wave-length of the lines of a 
spectrum is a problem of the highest importance, and one to which 
a vast amount of care has been devoted by many observers. To 
give some idea of the accuracy with which these measurements can 
now be made, the following measurements of the wave-lengths of the 
sodium yellow lines may be quoted : — Fraunhofer, using two wire 
gratings, found 5888 and 5896, while with a glass grating he obtained 
5888 ten-millionths of a millimetre, for the mean of the two lines. 

Angstrom, of Upsala, m 1868 published his " Recherches sur le 
Spectre Solaire," in which he arrives at the values 5895*0 and 58890 
for the tw^o sodium lines. 

Ditscheiner obtained 5905*3 and 58989 ; Van der Willigen 

u 

5898*6 and 5892*6. Angstrom published a map of the solar spectrum 
on the scale of wave-lengths, in which the chemical origin of a large 
number of the Fraunhofer lines was marked, and this map and the 
measurements based upon it were accepted for many years as the 

.Standards. This " spectre normal " of Angstrom marked a very great 
advance in accuracy ; but the construction of more accurate gratings 
by Rowland, and the publication of a photographic map made by 

Rowland with his new gratings, showed that Angstrom's work 
needed revision. Rowland's values for the two sodium lines were 
5896*08 and 5890*12. 
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Other measurements of the less refrangible sodium line are 
5896*25 by Miiller and Kempf, 5895*90 by Kurlbaum, 5896*20 by 
Pierce, and 589620 by Bell. The most probable value is 5896*161 
in air at 20° C. and 760 mm. ; or in vacuo 5897*8. 

The distribution of the colours in the diffraction spectrum is 
different from that in the spectrum produced by any prism ; the blue 
end is more compressed in the diffraction spectrum, and the red end 
is proportionally lengthened out. This is clearly shown in the 
coloured frontispiece. No two prisms can be relied upon to give 
exactly the same distribution of colours, and it is therefore neces- 
sary to reduce the readings obtained with a prism-spectroscope 
to the standard scale of wave-lengths ; we must therefore explain 
how this may be done. The following table shows the relative 
positions occupied by the Fraunhofer lines B, D, E, F, and G, in 
dispersion spectra produced by prisms of 60° of crown-glass, flint- 
glass, and carbon disulphide, with which are compared the positions 
of the same lines in a spectrum obtained by diffraction. The interval 
between B and G is in each case divided into 1000 equal parts. 







Dispersion. 








Crown-glass. 


flint-glass. 


Carbon disulphide. 


Diffraction 


B . 














D . 


. 236 


220 


194 


381 


E . 


. 451 


434 


4CX) 


624 


F . 


644 


626 


590 


784 


G . 


. 1000 


ICXX5 


1000 


1000 



To reduce the readings of a prism-spectroscope to wave-lengths, 
we have first of all to obtain accurate measurements of a number of 
standard lines whose wave-lengths are known exactly, and from these 
data to draw an interpolation-curve on accurately ruled squared paper. 
A scale of wave-lengths is marked off along one edge of the paper, 
and the edge at right angles to that has a scale marked on it corre- 
sponding to the scale of the instrument. The positions of as many 
lines as possible are then mapped on the paper, and through these 
points a curve is drawn as uniformly as possible. Then the position 
of any line to be measured being found on the curve will have 
opposite to it the wave-length required on the scale of wave-lengths. 

The following list of lines will be found useful in constructing the 
curve of wave-lengths for a one-prism-spectroscope. The wave- 
lengths are given in tenth-metres* (or ten-millionths of a millimetre); 
there is also given the approximate position of the line on Bimsen's 
scale, and the reciprocal of the wave-length, or " oscillation frequency " 
— i.e, the number of waves in one centimetre. There are many 
advantages in using these " frequencies " instead of the wave-lengths 
themselves, as will be afterwards explained. 



* A "tenth-metre" is (t^) »• metre. 
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(«) Flame-Spectr-\. 







Scale 


Wave>length 


Oscillation frequency 






number. ia air. 




in vacuo. 


Lithium 


• m 


31 •« 


; 6708-2 




14902*7 


Sodium . 


• • 


5°'° {5890-i82/Mean 5893*168 


i6955'6( 
i6972*8P^<^^" 16964-2 


Thallium 


I . . 


678 535065 




18683*7 


Magnesium * . 


74*5 


; 5183791 




19285*6 


Strontium 

• 


105 •« 


; 4607-506 




21697-7 








id) Fraun 


HoFER Lines. 




A . . 




17-5 7594-059 




13164-6 


B. . . 




28*9 6867-461 




14557-5 


C. . . 




35-0 6563054 




152327 


D. . 




s°-o ^^\f^^ 


Viean 5893-168 


i6955*6\,_ . . 
16972*8/*^^*'^^" 169042 


E. . . 




70-9 5270-085 




18969*8 


b, . 




74*5 5183792 




19285*6 


b, . 




74-J 


5 5»72*87i 




19326-3 


b, and b 


4 


75'< 


3 5168-366 




19343*1 


F. . 




90-< 


3 4861-496 




20564*1 


G. . . 




127.3 4308034 




23205-0 


H, . 




i6i-: 


2 3968 620 




251906 


Ho . 




165- 


7 3933809 




25413*4 








(c) Spark-Spectra. 












Wave-length 


Oscillation frequency 








Scalei number. 


in air. 


in vacuo. 




Cadmium 


• 36*9 


6439*30 


15525-4 




Lithium 


• 1 


. 44-6 


6103-77 


16378*5 




Copper 


• ■ 


- 53*2 


5782-30 


17289*5 




Lead . 


• • 


. 58-4 


5607-30 


178290 




Cadmium 


. . 66-5 


5379*30 


18585-0 




» 




. . 68-2 


533860 


18726*0 




Copper 


• 


. . 699 


529275 


18888*6 




>> 


m 


. . 73*1 


5218-45 


19157-6 




9) 


9 • 


. 75*6 


5153*40 


1 9399 '4 




)f 


• 


. . 77*8 


510575 


19580-4 




Cadmium 


. . 787 


508606 


19656-3 




Air 


• 


. . 82-4 


5005 -70 


19978-0 




>> 


• 


. . 82-7 


500270 


19983-0 




Barium 


• 


. . 86-2 


4934*24 


20260*9 




Cadmium 


. . IOO-8 


467«*37 


21369-3 




Barium 




. . 108-8 


4554'2i 


21951*6 




)) 




. . 1 10-8 


4525-19 


22092*3 




Caldum 


i . . 


. i35'5 


4226-91 


23650*4 




Barium 




. 1471 


4130-88 


24201 I 




Calcium 


I . • 


. 161-2 


3968*620 


25190*6 




)> 




. . 1657 


3933*809 


25413*4 



If the observer is not familiar with the Fraunhofer lines, or has 
difficulty in recognizing the particular bright lines of the metals given 
in the preceding list, the following plan is recommended : First 
observe accurately the positions of the lines of the "flame-spectra" 
given, and from these construct an interpolation-curve ; then mark 

* Least refrangible line of the (d) group, seen in the flame of burning 
magnesium. 
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on the curve the wave-lengths of the Fraunhofer lines, and so deter- 
mine their positions approximately on the scale of the spectroscope. 
On directing the instrument to the sun or to a bright cloud, the 
Fraunhofer lines will certainly be found at or near these positions. 
Now let these Fraunhofer lines be read off as exactly as possible, and 
from their positions, and those of the lines of the flame-spectra, let a 
more accurate interpolation-curve be drawn, and let this curve be 
used to find the positions of the lines of the spark-spectra. The final 
curve should be drawn when the positions of these spark-lines have 
been carefully observed. If it is not convenient to make use of the 
spark-spectra, a very fair curve may be constructed from the lines of 
the flame-spectra and from the Fraunhofer lines, but a little trouble 
in obtaining as accurate a curve as possible will be well repaid. As 
a sample of what may be done with a one-prism spectroscope and 
reflected scale, the following numbers, taken from Lecoq de Bois- 
baudran, for the wave-lengths of bismuth lines, are compared with 
Thaldn's numbers : — 



Lecoq de Boisbaudran. Thalen. 




Lecoq de Boisbaudran. Thaldn. 




6130 


6i29'o 




5»44 


5143*5 




6048 


60500 




5123 


5123-5 




5719 


57i6'5 




4724 


4722 'O 




5552 


5553-0 




4303 


45020 




5268 


52700 




4259 


4259*5 




5209 


5208*0 




4118 


4119*0 




The lines from which Lecoq de 


J Boisbaudran' 


s interpolatioi 


i-curve 


was drawn \ 


ire the following : — 










Scale reading. Wave-length. 


Scale reading. Wave-length 


Potassium 


• 65-55 


7680 


Silver . . 


114*00 


5464 


Solar a . 


72*50 


7185 


Thallium . 


118*40 


5349 


Solar B . 


. 77*8i 


6867 


Silver . . 


124*40 


5208 


Lithium 


80*78 


6706 


Cadmium . 


130*03 


5085 


Hydrogen 


8371 


6562 


Hydrogen . 


14175 


4861 


Cadmimn . 


86*25 


6438 


Cadmium . 


152*83 


4677 


Zinc . . 


88 -oo 


6361 


Strontium . 


157*60 


4607 


Lithium 


• 94*15 


6102 


Iron . . . 


174*28 


4383 


Sodium . 


lOO'OO 


5892 


»> • • • 


180*80 


4307 


Copper . . 


103*25 


5781 


Calcium 


188*25 


4226 


j> 


105*90 


5700 


Indium . . 


200*83 


4101 


Lead . . 


109*00 


5607 


Calcium 


2i6*33 


3968 








}> 


220*75 


3933 



Fig. 46 is a reduction of the interpolation-curve, drawn from these 
data. 

The different methods of measuring the positions of the lines of 
a spectrum may conveniently be put into two groups, which may 
be called methods of consecutive coincidences and methods of 
simultaneous coincidences. The chief plans employed are the 
following : — 

Consecutive coincidences. 

(i) The graduated arc and vernier. 

(2) The tangent-screw micrometer. 

(3) The bright-line micrometer. 
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Si'iniitaneous coinctdmces. 

(4) The reflected scale. 

(5) The double-wire micrometer eyepiece. 

(6) The divided lens micrometer. 

(7) 'I"he photographic method. 




Some of these methods are more suitable for a sinall s[H;cltosro)>i* 
and others for a large one; or, again, particular methods may In 
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employed in one case and not in another. For example, cross-wires 
can be employed wiih ihe solar spectrum, or with any spectrum 
of sufficient brightness, while they are useless with very faini 
spectra. 

A favourite plan with the opticians is that of the divided arc and 
vernier ; in which the telescope carries cross-wires, the intersection of , 
which is brought first to coincidence with one line, then with a 
second, and so on. This, of course, is a method of consecutive 
coinddences, and it is a necessary condition of obtaining correct 
results that the collimator and slit shall remain rigidly in the same 
position, and that the cross-wires of the telescope and the vernier 
shall retain the same relative jK>sition during the motion from one 
line to another. These conditions are attended to in the massive 
construction adopted by Steinheil and some other continental makers, 
but are fatally disregarded when the instrument is constructed of 
slender metal, and when the collimator and observing telescope, 
instead of being firmly grasped at the centre of gravity, are merely 
screwed by one end into a slender upright of brass, further weakened 
at the most important point by being attenuated into some (so-called) 
ornamental shape. 

Certain precautions must be observed in the use of a spectroscope 
with cross-wires lo obtain good results. The eyepiece should first 
be removed and so adjusted that, on looking through it at a sheet of 
white paper, the cross-wires are seen in sharp focus ; then, replacing 
the eyepiece in the observing telescope removed from the spectro- 
scope, the telescope should be exacdy focussed on some distant 
object. Having replaced the telescope in the instrument, the coUi- 
mator should then be adjusted till some lines in the green — say b in 
the solar spectrum — are in accurate focus. The instrument is then in 
adjustment.* When used on the red or blue portion of the spectrum, 
the focus may be adjusted with the observing telescope, but the 
collimator should not be altered. 

It is necessary that the ray to be measured should be in exact 
focus together with the cross-wires. If this is not the case, the ray 
will alter its position sHghtly with reference to the cross-wires, if the 
eyes be slightly moved. The adjustment may therefore be tested by- 
moving the eye slightly and observing whether the ray and the cross 
wires move together. There is also a slight movement of thf 
rays consequent on lateral shifting of the source of light ; this \\ 
less the narrower the slit is, and the more distant the source o' 
l^ht is. 

Some instruments are provided with a tangent-screw micrometet 
— that is, a long screw, the head of which is divided into a hundred 
equal parts, by means of which a slow motion can be given to thf 
observing telescope, and the number of turns of the screw, and parti 
of a turn necessary to carry the cross-wires from one line to another, 
is noted. 
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In the bright-line micrometer * the image of a fine slit in a brass 
plate is seen by reflexion at the first surface of the prism, and so is 
superposed upon the spectrum ; the plate and slit have a slow motion 
given by a micrometer screw. This form of micrometer is specially 
useful with very faint spectra, when cross-wires would be useless. In 
observing with cross-wires a luminous spectrum, the lines of which are 
faint, it is necessary to admit a certain amount of light into the 
observing telescope, sufiScient to illuminate the wires (conveniently 
by raising an edge of the cloth used to cover up the prisms). This 
general light renders very faint lines invisible. In all these methods 
of consecutive coincidences it is necessary that no shifting of the 
parts of the instrument by bending or shaking, nor any disturbance 
of the position of the source of light, nor of the exact position of the 
eye, should take place during the passage of the cross-wires from 
one line to the next In the methods of " simultaneous coincidences " 
all these sources of error are avoided by observing at the same 
instant two lines — one a known line, used as a reference line, and 
the other the line to be measured. 

The method of the reflected photographed scale, already described 
at some length, may be employed as a method of simultaneous 
coincidences, and so made more exact if, when the reading of any 
line is noted, care be taken to observe that the sodium line is still 
exactly at 50; or if the sodium line is not in the field, then that some 
other line used as reference line is exactly in its right position at the 
moment of observation. 

The most accurate measuring instrument for use with large spectro- 
scopes is the bifilar micrometer eyepiece. This is an eyepiece 
similar to those employed for astronomical purposes, provided with 
two crosses of fine spider lines in the focus of the eyepiece, which 
must therefore be of the Ramsden construction. One of these cross- 
wires remains fixed ; the other is moved by means of a micrometer 
screw. The interval between the line to be measured and a line of 
known wave length can thus be determined with great precision. In 
taking an observation, a slight motion is given to the fixed cross-wires by 
means of the slow motion or tangent-screw of the observing telescope, 
the micrometer screw of the eyepiece being at the same time adjusted 
by the other hand, till the observer is satisfied that each line is 
truly coincident with the inter-section of the corresponding spider 
lines. 

Another device for measuring the interval between two lines, 
quite equal in accuracy to the bifilar micrometer, is that of the 
divided-lens micrometer.f In this. instrument the micrometer screw 
moves one-half of a lens placed just in front of the prisms, and 
divided along a horizontal diameter. The effect is to cause one-half 
of the spectrum to move along under the other half, and the sodium 
line or any other convenient line is used as a substitute for the cross- 
wires, and is brought into coincidence with each of the lines to be 

* Microscopical Journal^ January, 1870. 

t Phil, Mag,, August, 1875. Proc, Physical Society^ vol. i. p. i6o. 
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measured. It will be seen that the necessity of admitting extraneous 
light to illuminate cross-wires is avoided, and this instrument can 
therefore be used with faint spectra with precision. 

The photographic method is, of course, a method of simultaneous 
coincidences, inasmuch as the positions of the known lines employed 
as references are recorded at the same instant as those of the 
unknown lines. 

The bifilar or the divided-lens micrometer may have fitted to it a 
device for mapping the spectrum at the same time as the positions of 
the lines are measured. For this purpose the steel rod on which the 
micrometer screw is cut is made about three times as long as usual, 
and the extra length has cut on it a much coarser thread. On this 
there travels a little brass piece carrying a steel point, with which a 
trace can be made on a slip of blackened glass. We thus obtain a 
mark on the blackened glass corresponding to each line of the 
spectrum. 

Another instrument, very useful in measuring photographed 
spectra or in drawing maps of spectra from measurements, is 
Beckley's spectrograph. This consists of a brass cylinder, on which 
the photograph is stretched, and the edge of the cylinder is graduated 
and provided with a vernier. There is also a straight edge which can 
be brought down upon the photograph parallel to the lines of the 
spectrum. Each line in succession is brought up to the straight 
edge, and the position of the cylinder is read off by means of the 
vernier. The accuracy of reading is increased by substituting for the 
straight edge a small microscope with a three-inch objective, and 
with cross-wires in the eyepiece. 

Whatever the method of measurement, the numbers obtained 
must be reduced to the uniform scale of wave-lengths, so as to be 
independent of the peculiar construction of the instrument, the 
number, position, and refracting angle of the prisms, the dispersive 
power of the material of which they are made, of variations in the 
temperature, and of all other disturbing causes. It is clear that in 
such a method each line can be mapped only by means of its colour, 
that is to say, by the length of the wave of light by which it is pro- 
duced ; and a spectrum so represented must be such a one as is 
produced by diffraction, and not by dispersion. Dispersion spectra 
obtained by the use of prisms of different materials vary greatly in 
the relative breadth of the colours, so that in mapping a spectrum it 
is by no means sufficient to give the positions of only two or three 
lines as points of reference. Many otherwise valuable observations 
of spectra are entirely useless from the insufficient number of 
reference lines observed. 

Three spectroscopes (each with a single prism and reflected 
scale), constructed by Duboscq and intended to be exactly alike, 
differed as shown in the following table. The numbers show the 
difficulty of constructing two instruments with exactly similar 
scales : — 
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Spectroscope*^. 




Lines observed. 


No. I. 


No. 2. 


No. J. 


Potassiam . . 


. 65-6 


64-0 


68-0 


Lithium . . 


. 808 


8o-o 


815 


Sodium . . 


lOO'O 


1000 


1000 


Thallium . . 


. 118-4 


119-0 


"7'5 


Strontium . . 


. 157-6 


160-0 


152*5 


Rubidium . . 


. 189-9 


195-0 


183-0 


Potassium . . 


. 207-4 


214-0 


198-0 



In a diffraction spectrum the position of the lines is dependent 
solely on their colour, and is precisely the same by whatever method 
the spectrum is obtained. 

If it is desired to determine wave-lengths accurately to five figures 
(or more), the reference lines should be chosen from those found in 
the " Table of Rowland's Standard Wave-lengths " (given at the end 
of this book). The wave-length may be determined from the wave- 
lengths of two standard lines, between which it lies, by the method 
of graphical interpolation, or it may be calculated by the use of a 
formula. 

The formula employed may be Cauchy's formula — 
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where n^ and n^ are the readings on the scale of the spectroscope of 
the two known lines, Xjand X3 their wave-lengths, n., the reading of the 
line to be measured, and X^ its wave-length. It is desirable that the 
two known lines should be as close as possible to the one to be 
measured ; when sufficiently close the formula gives the same result 
as a simple proportion. 

A more accurate formula, and one applicable over a greater 
range of the spectrum, is that due to Hartmann " — 

r 

n = no + 



where X is the wave-length of a line, and n its refractive index, and 
^05 Ki ^> ^^d a are constants depending upon the substance of wliich 
the prism is made. For the kinds of glass in ordinary use ^7 = 1-2, 
so that there are three constants to be determined. 

This formula may be much simplified. If we put ^ = i (instead 

of 1*2), the formula may be written A = A,, + ~ ; and, instead 

of refractive indices, we may use scale readings for // and ;/,). To 
determine the constants A^, «o> and ^, we must choose three suitable 
reference lines, and measure their readings on the scale. Let the 
lines have the wave-lengths A,, A2, and A.j, and the scale readings 
»„ //o, and //g. We must now find the differences A, — A,, A, — A;?. 
n-^ — «i, and //g — «i, and also the products X^Ji^^ A_,;/o, A..;/.j. 

* Astrophysical jQurnaly November, 1898. 
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Then Xo is found from the formula— 



K^ 



(\^ft, - K»'^(K -J^) - (K »i - K »3)(K -J^) 



We can then find «« from the formula — 

Kin-i - «i) + ^i«i - -Ma 

^••^ rrx^ 

and c from the formula — 

The following example of measurements of a portion of the solar 
spectrum by Professor Hartmann will show the degree of accuracy 
which may be obtained. The constants were found to be — 

Xo = 2232*8 //o = 464*251 c= 658860 

The first column of the table gives the scale reading of the line, 
the second column its true wave-length, and the third column the 
wave-length calculated from the formula — 

„ , 658860 

\ = 2232*8 + -T--: 

^ ^ 464*251 -« 



II. 



III. 



I. 



II. 



17*794 


3709-6 


37093 


75*414 


23130 


3727*1 


3727-2 


81-060 


M 23-323 


3727*7 


3727*8 


82-961 


27928 


3743*6 


3743*6 


92*349 


29-298 


3748-5 


3748*4 


100-677 


32-492 


3759*5 


3759*6 


104-224 


33*035 


3761-5 


3761*5 


h 111*542 


34.219 


3765*8 


3765*7 


119*307 


40-406 


3788-0 


3788-1 


129-516 


42*351 


3795*0 


3795*3 


g 133*685 


43*574 


3799*7 


3799*8 


140*938 


47*137 


3813*1 


3813*2 


G 146*598 


53*699 


3838*5 


3838*4 


H7 151*535 


54*341 


3841-0 


3841*0 


157*787 


60-555 


3865-8 


3865*7 


160793 


63-696 


38786 


3878*5 


193-578 


67*834 


3895*7 


' 3895*7 


F 213-523 


69-590 


3903-2 


3903-1 


h 239*565 


70-195 


3905*8 


3905*7 


b^ 239-991 


74*254 


3923-0 


3923*1 


b^ 240-820 








_ 



3928 2 

3953*0 

3961*7 
4005*2 

4046*0 

4063*9 
4101-9 

4143*9 
4202*1 

4227*0 

4271-7 

4308*0 

4340*7 

4383-7 
4405*0 

4668*0 

4861*7 

5167-7 

5172-8 

5183*9 



III. 



3928-1 

3953*1 

3961*7 
4005-3 

4045*9 
4063*8 

4101-8 

4143*8 
4202*1 
4226*9 

4271*7 
4308*0 

4340*8 

4383*8 

4405*1 
4668-2 

4861-9 

5166*6 

5172*2 

5183*2 



The calculated values agree remarkably well with the true values 
except for the last three lines on the list (the b lines) ; the differences 
in these arise from want of sharpness in the photograph measured. 

On the whole, probably the graphical method will be preferred, 
since, with care, it may be made to give accurate results, and has, 
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further, the great advantage of enabling us to detect at once any 
reading inconsistent with the rest. If the positions of as many 
reference lines as possible are mapped on the paper, and a smooth 
curve is drawn through these points, or through as many as possible, 
and having the rest as near the curve as possible, and as many above 
the curve as below it, then one observation is corrected by another. 
The curve so drawn is more likely to give correct results than an 
irregular line made up off many straight portions so as to pass 
through all the points. In drawing the curve it will be found con- 
venient to use a steel rule, which may be bent by the hands into the 
curve required ; this, however, requires the co-operation of two 
persons— one to hold the rule down on the paper (stretched on a 
drawing-board), and the other to rule the curve with a finely pointed 
hard pencil. 

If oscillation frequencies be employed instead of wave-lengths, 
the line obtained is less curved, as may be seen from Fig. 46. This 
is an advantage, since the less curved the line is, the more easily is 
it drawn, and the more exactly can it be employed. 

A map of oscillation frequencies is intermediate between a 
diffraction spectrum and a dispersion spectrum, the red end being 
less extended when compared with the blue end than in a diffraction 
spectrum, and more extended than in the dispersion spectrum. A 
map drawn to wave-lengths is too much distorted to be advantageously 
employed with a dispersion spectroscope; and, on the other hand, a 
spectrum mapped with a dispersion spectroscope does not sufficiently 
resemble the same spectrum seen with a diffraction spectroscope; 
but a map of oscillation frequencies, being intermediate between the 
two, is not so different from either but that it is suitable for use 
with a spectroscope of either kind. Further, a map of oscillation 
frequencies exhibits most clearly relationships between the lines 
of a specturum ; as, for example, in the spectra of silver or copper, 
where pairs of lines are repeated always with the same difference of 
oscillation frequency, or in the spectra of zinc and cadmium, where 
the same triplets are repeated again and again. 



CHAPTER VI. 



Thk rule has been laid down that a discontinuous sf>ectrum of 
bright lines is in general due to an incandescent gas, but that an 
incandescent solid gives a continuous spectrum. Thus from the 
light of glowing lime in the oxyhydrogen 6ame we get a bright 
continuous spectrum, in which the colours follow without break in 
succession from red through every shade of orange, yellow, green, 
and blue, into deep violet. If, now, the flame of a spirit-lamp coloured 
with common salt— which itself gives the bright sodium line — be 
brought between the glowing lime and the slit of the spectroscope, we 
see a dark !ine in the place of tbe bright sodium line. The cause of 




this phenomenon is explained lo be that sodium vapour possesses the 
power of absorbing exactly that particular light which it is itself able 
to give out. The experiment may he made in various ways. If a 
glass tube containing a few pieces of metallic sodium be exhausted 
and sealed up, then, on heating the sodium so as to fill the tube 
with sodium vapour, and holding it in front of a sodium flame, 
the lube appears dark; and if a spectroscope be used, and. the 
tube be held between the flame and the slit of the instrument, a 
dark line is seen exactly in the same place where the bright sodium 
line appears the moment the tube is removed. Or, by the use of 
the electric light, the dark line may be projected on a screen. 
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The observation of the exact coincidence of the dark hue in tlic 
Sun's spectrum with the bright line of sodium seems to have been 
first made by Fraunhofer. So long ago as 1814, Fraunhofer con- 
cluded that the dark lines of the Sun's spectrum were somehow 
produced in the Sun itself. He also observed that the light of the 
moon and the brighter planets (being only reflected sunlight) 
contained the same dark lines as seen in the direct light of the Sun. 
Foucault, in 1849, seems to have been the first to observe the dark 
sodium line in the spectrum of the electric arc, but he did not 
explain how it was produced; and it is to Kirchhoff* that we owe 
the clear explanation of the phenomenon, and its application to the 
discovery, by spectrum analysis, of the composition of the solar 
atmosphere. 




Fig. 48. 

KirchhofF mapped the spectrum of the Sun with very great care, 
using four prisms (Fig. 48), and giving the positions of the lines on an 
arbitrary scale of equal parts. A comparison of these lines with the 
bright lines of the elements showed that the following elements nuist 
be present in the sun : sodium, calcium, barium, magnesium, iron, 
chromium, nickel, copper, zinc, and hydrogen. This list has been 
increased by subsequent researches by the addition of the following 
elements : titanium, manganese, cobalt, carbon, vanadium, zir- 
conium, cerium, scandium, neodidymium, lanthanum, yttrium, 
niobium, molybdenum, palladium, silicon, strontium, aluminium, 
cadmium, rhodium, erbium, silver, beryllium, germanium, tin, lead, 
gallium, and potassium, and possibly also iridium, osmium, platinum, 
tantalum, thorium, tungsten, uranium, and oxygen." 

* Fig. 50 is a copy of part of KirchhofPs map, showinj; the /' lines. It may Ijc 
compared with the photograph of the same portion of tlie spectrum shown in 
Fig. 51. Fig. 47 shows a convenient arrangement in observing the absorption 
spectra oi gases. 
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The chief lines of the visible portion of the solar spectnim, as 
seen under small dispersion, from the red hydrogen line marked C 
to the H lines in the violet, are shown in Fig. 49 ; D is the double 
sodium line, E is a double line due to calcium and iron, i is a group 
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of four lines due to magnesium and iron, F is due to hydrogen, G is 
due to iron and calcium, g is due to calcium, h is due to hydrogen, 
the H lines are due to calcium. 

An immense amount of labour has been expended on the careful 
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mapping of the lines of the solar 5pe<;trura by Angstrom, Fievtv, 
Cornu, and others, but all this has been superseded by the 
photographs obtained by the use of Rowland's concave gratings. 
The complete map of the solar spectrum made by Rowbnd is 
something like forty feet long, and contains something like 20,000 
lines. 

One of the best drawings of the ultra-violet jiottion of the 
spectrum is Ihal of Cornu, a small portion of which is reproduced in 
Fig. 51 ; with this may be compared the photograph of the same 




MHtion of the spectrum made by Mr. Higgs with a Rowland grating, 
and reproduced by permission (Fig. 53). 

In Fig. 51 we have a reproduction of Mr. Higgs's photograph of 
the h group, in the upper portion of the plate, and below it a |x>rlion 
of the spectrum from the violet. The upper portion was photographed 
in the spectrum of the third order, and the lower portion in the 
fourth order. The scale of wave-lengths shown applies to the upper 
spectrum ; the wave-length of a line in the lower spectnmi is exactly 
three-quarters of that shown by tlie scale. It is a valuable property 
of ihe concave grating thai it allows the photographing of two 
ixjrtions of [lie spectrum at the same time, and on the same piale, 
the wave-leuglhs of which have an exact numerical ratio. Of the 
s whicli can be distinguished in the upper spectrum, thirty-seven 
; due to iron, eleven to titanium, seven to nickel, and seven to 
I, four to magnesium, two to cobalt, and one each to calcium, 
ladium, and yttrium. The l< line most to the right (known as /'J 
agnesium, b., is also due to magnesium, l', is a double 
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line due to iron, and bu also a double, is due to magnesium and 
iron. 

In the lower spectrum there is a remarkable shaded band between 



I 




5172 and 5178, due to cyanogen; its least refracted and strongest 
edge is on the right, and has the wave-length 3S83'48. 

The apparatus employed by Mr. Higgs in photographing the 
solar speclmm is shoivn in Fig, 54. 




In the portion of the solar spectrum shown in the upper half of 
Fig. 51 Rowland has measured about 282 lines. Their wave-lengths 
are given in the following table, a copy of a very small portion of 
Rowland's " Table of Solar Spectrum Wave-lengths " :— 
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Intensity 






Wave-length. 


Substance. 


and 


Wave-length. 


Substance 






character. 

3 






5141-9185 


Fe 


5153-687 




5142-074 




0000 


5153-848 




5142-279 




cooo 


5'53-985 




5142-458 




0000 


5154-244S 


Ti, Co 


5142-693 


Fe 


4d? 


5154-505 


C 


5142-9585 


Ni 


2 


5 » 54*579 




5i43*i"s 


Fe 


3 


5>54*9i3 




5143-288 




0000 


5155*028 




5143-5" 




000 


5155*303 


Ni 


5143764 




000 


5155*694 


C 


5>43*9oi 




00 


5155*935^ 


Ni 


5144-031 




0000 


5156-239 




5144-203 




0000 


5156-530 




5144-543 




oooN 


5156-728 


C 


5144-758 


C 


000 


5156*823 


C 


5144-847 


Cr, C 


00 


5157*163 




5145098 




0000 


5157*376 




5I45-27I 


Fe 


I 


5157*783 


c 


5145*403 




cooo 


5i57*9>5 


c 


5145636 


Ti 





5158 152 




5145-907 




ooooN 


5158-701 


c: 


5146-291 


C 


00 


5158-832 


c 


5146*486 




000 


5159026 




5146-6595 


Ni 


3 


5159-2318 


Fc 


5146-945 


Co 


oood? 


5159*452 




5147-273 




000 


5159*634 


c 


5147-458 




ooooN 


5159*776 


c 


5147-652 


Ti 





5159-946 




5147-871 


C 


000 


5160- 1 38 




5147-992 


C 


coo 


5160-419 


c 


5148-222 


Fe 


2 


5160554 




5148-410 


Fe 


3 


5161006 




5148627 




0000 


5161-194 


(J 


5148-851 




000 


5161-353 


c 


5149-013 


w 


000 


5161-849 


c: 


5149-267 


C 


000 


5161-910 


c 


5149-392 




000 


5162-153 


c? 


5149-512 




0000 


5I62-449S 


Fe, C 


5149-685 




ooooN 


5162-690 


c: 


5149-964 




000 


5162-902 




5150-363 




00 


5163-074 


c: 


5150-525 




0000 


5163200 


c 


5150-736 


c 


000 


5163-327 




5150-842 


c? 


cooo 


5163-585 


c 


51 51 0208 


Fe 


4 


5163-756 


c 


515I-II2 


Mn 


000 


5164-007 




5151-344 




ooooN 


5164-172 


c: 


5151-628 




ooooN 


5164-404 


c 


5152087 


Fe 


3 


5164-562 




5 > 52-361 


Ti 





5164-724 


Fe ? 


5152700 




0000 


5164-855 


c 


5153-129 


C? 


000 


5164-950 


c 


5153-337 


C 


0000 


5165-080 


c: 


5'53'4i4 


Fe 


I 


5165-209 


c 


5153-584 




00 


5165-297 


c 



Intensity 

and 
character. 



00 
000 

ooooNd? 

2 

0000 

000 

0000 

0000 

I 

000 

2 

000 

000 

0000 

ooN 

0000 

000 

000 

000 

00 

000 

0000 

0000 X 

2 

0000 

000 

0000 

0000 

00() 

00 X 

0000 

0000 N 

000 
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Fijr. 55 is a reproduction of Mr, Higgs's photogra|)h of a 
portion of the solar spectrum, very crowded with tines, from 4252 
to 4326. 

Besides the dark lines due to substances vaporized in the sun's 

atmosphere, there are in the solar spectrum a number of groups of 

dark lines which have their origin in the earth's atmosphere. Of 

these " telluric" lines, the most remarkable are A, B, and q, due to 

oxygen, and a, due to water-vapour. These groups of lines are more 

intense when the spectntm is observed near the setting of the sun, 

fc*hen the sun's rays have to pass through a greater thickness of air. 

fin Fig. 56 we have a reproduction of two photographs by Mr. Higgs, 

■ showing the group B : the upper one taken when the sun was high, 

Land the lower one taken when the sun was low down. The remarkable 
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symmetry in the struclure of the band is very interesting; 
must indicate some connection between the vibrations of the molecules 
of oxygen which give rise to the absorption lines, and it is most 




interesting to find the same structure reproduced almost exactly ii 
the other group A, which lies further in the red. 

Fig, 57 is a reproduction (by permission) from a photograph of 
this group by Mr. McCiean.* 

A group of lines due to water-vapour in the neighbourhood of the 
D lines, has been called the " rain-band " ; it is darker when there is 
much water-vapour in the air, and may be used to foretell rain with 
some success. It begins at 5860 and extends to 6030. 

Fig. g8 shows Angstrom's map of the telluric lines of the solar 
spectrum; and Fig, 59 shows the rain-band. 

It is possible to distinguish the telluric lines from the real solar 
lines in the spectrum of the light which reaches us from the sun hy 
an application of Doppler's principle carried out by Comu. 
consequence of the sun's rotation, the position of a true soiar line is 
slightly different, according as the light which reaches the spectroscope 
comes from the advancing or receding limb of the sun. If a small 
image of the sun, produced by a lens, is thrown upon the slit of the 
spectroscope, and if the lens is made to oscillate through a distance 
about equal to the diameter of the image, so that the slit is illuminated, 
first by the light from one edge of the sun, and then by that from 



absarplion band ^eeiag 
band A, shown in Fig, 57. Professor Jansseu, in iSSS, observing al Meodon 
Ihe elnitric light at the top of Ihe Eiffel Tower in Paris, obser\-ed the A aiid B 
groups ju»t »s thty appear in the " High Sun " s|)ectruni. In Iravelling from 
Paris to Mcudon ihe light would have to pass through about as much oxygeo a: 
the sun's rays would in tcaveising Ihe atmosphere. 

In the invisible infra-red region of Ihe solar apecttum, bands due to the 
carbonic acid nnd aqueous vapour of onr ainiosphere have lieen observed. 
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ropposile edge, tlte solar lines will appear lo tremlile in conse- 

i of the sliglit .illeroately opposite displacements ; but if ihe 

\ are produced by absorption within our own atmospliere, it will 

pr Dothiflg from what part of the sun the light comes originally, 

* E position of the lint- will not be affected by the vibration of 




f rautihofer, in 1814, examined the spectra given by the brightest 

p fixed stars, and recognized that they differed from the spectrum 

3 sun. Fig. 60 is a copy of a drawing of the spectra of two 

It stars made by Hoggins and Miller in 1864, giving the result 

J direct comparison of the bright lines of some metals with 

Epectrum of the star. It thus appears that Aldebaran contains 

rarogen, sodium, magnesium, calcium, iron, bismuth, tellurium, 

limony, and mercury; and that Betelgeux (a Orionis) contains 

■ilmni, magnesium, calcium, iron, and bismuth. 



P Infra-red and Ultra-violet Extensions of the Solar 
Spectrum. 

The portion of the spectrum visible to the eye is only a very 
lult portion of that which can be observed by the use of photography 
il the blue end, and by the use of the thermopile, or Bolometer, for 
.11; red end. 

Ilie portion of the solar spectrum which can be seen by the eye 

• little more than that shown in Fig. 49, extending from wave-length 
'iso to 3900. By the use of photography lines of wave-length only 
;.-;uo have been observed, and by the use of the bolometer radiations 
|[ wave-length of 100,000 have been detected. These radiations 
■i.youd the red form the w/i-ir-«i/ spectrum; those beyond the visible 

■ !)let form the nUra^violet spectrum. Photographing with glass 
-isms and glass lenses, a limit is put to the spectrum because the 
Jms itself absorbs the radiations which would affect the photographic 

With flint-glass the spectrum is cut short at about 3176, with 
' r'lwn-glass at about Z980, but if quartz be employed, the spectrum 

■ 'm be photographed as far as 2099. If a Rowland concave grating 

• employed, the image is formed by the concave mirror of speculum 
nictal on whicii the lines arc ruled, and all lenses are avoided ; but 
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even then a limit is put by the absorption of the air, and of the 
gelatine used in making the photographic plates, as a support for the 
sensitive silver salts. 

The extreme limit of wave-length looo mentioned above was 
attained by Schumann by working in a vacuum, and with sensitive 
plates of emulsion on glass without gelatine. 

Beyond the red end of the visible spectrum the lines have been 
photographed, by the use of proper plates, as far as wave-length 
12,000, wiih the diffraction grating, but beyond this point the heating 
effect of the spectrum must be utilized. Here prisms and lenses 
must consist of rock-salt or other material transparent to dark heat. 

Professor Langley, in 1884, employing a large Rowland concave 
grating of short focus with a rock-salt prism and a bolometer, 
measured the heating eff*ect in the spectrum down to wave-length 

53iOoo- 

The Bolometer consists of a narrow strip of metal, on which the 

lines of the spectrum fall ; this strip forms one arm of a Wheatstone 

bridge, and consists of some metal whose resistance varies rapidly 

with change of temperature. Such an instrument will detect a change 

of temperature of one-ten-thousandth of a degree Centigrade. 

Fig. 6 1 shows Langley's infra-red solar spectrum. The dark line 
0) at 14,000 is due to water- vapour, as are also Q at 18,300, X at 
26,400, and a strong band from 50,000 to 110,000 with maxima at 
71,000 and 81,000. A band Y at 46,000 is due to carbon dioxide. 

I^ngley, working on Mount Whitney at an elevation of 12,000 
feet, has measured 700 dark lines in the infra-red invisible spectrum. 



CHAPTER VII. 

SPECTRA OF THE STARS AND NEBUL.K. 

In 1862, only three years after the publication of the discovery of 
Bunsen and Kirchhoff, Huggins had observed the spectra of al)out 
forty stars with a small spectroscope attached to an eight-inch tele- 
scope. Shortly after, Secchi, from the observation of some 4000 
stars, attempted a classification of stellar spectra, which, with small 
alteration, is still adhered to. Secchi distinguishes — 

Type I. White stars (such as a Lyrse, Sirius, Altair, Regulus, Rigel, 
etc.), spectra with few dark lines chiefly due to hydrogen ; the hydrogen 
lines are broad and strong. 

Type II. Yellow stars (such as Arcturus,* Aldebaran, Capella, 
Procyon, Pollux, and the Sun), spectra with numerous strong lines ; 
the hydrogen lines less marked. 

Type III. Red stars (such as Antares, a Ononis, a Herculis, 
Mira, ^ Pegasi, etc.), spectra with numerous dark lines, but also shaded 
bands, darkest on the violet side and fading away towards the red. 

Type IV. Red stars, fainter than the fifth magnitude, such as 
152 Schjellerup. The spectra are characterized by shaded bands, 
apparently due to carbon, darkest on the side of the red and fading 
away towards the blue. To these four types must now be added 
that of the Helium stars, such as y Orionis. The spectra show the 
helium line near D and the hydrogen lines. Some stars of this 
type (Type O) show the lines of hydrogen bright instead of dark. 

The spectra of the stars are almost infinitely diversified, yet 
they can be arranged, with some exceptions, in a series in which the 
adjacent spectra, especially in the photographic region, are scarcely 
distinguishable, passing from the bluish-white stars like Sirius, through 
stars more or less solar in character, to stars with banded spectra, 
which divide themselves into two apparently independent groups, 
according as the stronger edge of the bands is toward the red or 
the blue. In such an arrangement the Sun's place is toward the 
middle of the series. 

A difference of opinion exists as to the direction in which evolu- 
tion is proceeding, whether by further condensation white stars pass 
into the orange and red stages, or whether these more coloured stars 
are younger and will become white by increasing age. 

♦ See Fig. 64. 
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condensation of the original wkkK diffu.sul nebular matter. Th 
spectra of well-defined nebuUx' exhibit bright lines, as iftlie radiatin] 
bodies were altogether gaseous, the hydrogen lines being promineni 
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called ttie " Wolf-Rayet " stars) have spectra 
aright lines, those of hydrogen and helium being 
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the newest stars, aftor which follow in order of 
es O, I, II, III, IV, in order. The stars or 
jfiiiighest temperature have the simplest spectra. 
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Certain slars (often called tlie "Wolf-Rayet" stars) ha 
consisting chit-fly of bright lines, Ihose of hydrogen and heti 
conspicuous. 
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These, then, are the newest stars, after wliich follow in 
age the stars of types O, I, II, III, IV, in order. The 
nebula; which have the highest temperature have the simplest 
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"Alias of Representative Stellar Spectra" (London, 1899), from 
which ligs. 65 and 66 are reproduced by pennission. They show 
some of the principal changes which are supposed to have taken 
pbce in the gradual evolution of stars. We quote the following 
description from the "Atlas":— 



"We begin tJie series with ihc Bdlatrix subdivision of the white 
I stars, which we regard as in the least condensed condilion (omitting 
^Volf-Rayet sUrs). These stars exhibit strong absorption lines of 
' helium. 

"In the early white stars the series of hydrogen lines continues 



spectra of the Stars and Nebula. 8i 

thin, defined, and distinct, to the end of the series, while, on the 
contrary, as the solar stage begins to set in, the ultra-violet members 
of the hydrogen series become less distinct, and when the full stage 
is reached have practically disappeared. 

"In Bellatrix and in fi Lyrse a very strong sub-characteristic 
presents itself in the strong lines of helium, so that these stars may 
be distinguished as Helium stars. In Rigel this sub-characteristic 
includes a strong pair of lines at about 3860 which belong to silicon, 
so that this star and any similar ones might be known as Helium- 
Silicium stars. 

" One glance at the ultra-violet region of a Cygni shows as its 
chief characteristic, next to hydrogen, a pair of strong lines and a 
thin line on the more refrangible side, forming a triplet at about 3760 
(due to Titanium), and the pair as in Rigel at 3860. This star may 
appropriately be known as a Titanium-Silicium star. 

" The gradual incoming and the advance of the characteristics of 
the solar stage can be well followed in the photographs, becoming 
successively stronger as we pass from Sirius to the fainter star of 
Castor, and then to a Aquilse. A great advance is made when we 
reach Procyon, and the progress is still more rapid through y Cygni 
to the complete solar stage as it presents itself in Capella, of which 
the spectrum is not distinguishable from that of the Sun/' 



Spectra of the Nebulas. 

The nebulae are masses of more or less vague luminosity. 
Some of them, when seen in a large telescope, appear to consist of 
clusters of very minute stars, others cannot be resolved by the 
telescope, and present the appearance of a luminous cloud, often 
surrounding a star of considerable brilliancy. One of the most 
famous nebulas is that situated in the constellation Orion (see Fig. 
71). This was discovered in 1656 by Huyghens, and has been often 
drawn and described, and in recent times photographed. Sir J. 
Herschel, in 1824, gave a careful drawing of this object as it was 
seen in his large reflecting telescope of twenty feet focal length and 
eighteen inches diameter. 

Splendid work in the photography of the nebulae has been done 
by Sir Isaac Roberts and Dr. Common, and at the Lick Observatory 
by means of the Crossley reflector. Professor Keeler concludes that 
there must be something like 1 00,000 nebulae in the heavens. 

Huggins found that while the stellar and resolvable nebulae gave 
spectra resembling the spectra of the fixed stars, the planetary and 
irresolvable nebulae gave spectra consisting of bright lines, thus 
showing that in these bodies we have masses of incandescent gas. 
He observed generally three bright lines — one due to hydrogen and 
coincident with Fraunhofer*s line F, one supposed to be due to 
nitrogen, and the third was not identified. 

G 
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In Fig. 67 is shown a nebula, resembling a sickle in shape; 
Fig. 68 shows the spiral nebula in Canes Venatici ; Fig. 69, the 
spiral nebula H 604, and Fig, 70 the annular nebula in Lyta; Fig. 71, 
the great nebula of Orion, photographed by Sir Isaac Roberts with 
an exposure of three and a half hours. 

Sir William Huggins thus describes his discovery of the true 
nature of the nebulie— 

"I was fortunate in the early autumn of 1864 to begin some 
observations in a region hitherto unexplored, and which, to this day, 




associated in my memory with the profound awe which I 
felt on looking for the first time at that which no eye of man had 
seen, and which even the scientific itnagioation could not foreshow, 

" The attempt seemed almost hopeless ; for not only are the 
nebulse very faintly luminous — as Marius puts it, ' like a rush-light 
shining through a horn ' — but their feeble shining cannot be increased 
in brightness, as can be that of the stars, neither to the eye, nor in 
the spectroscope, by any optic tube, however great. 

" The view of the nebula as parts of a fiery mist onl of which the 
heavens had been slowly fashioned, began, a little before the middle 
of the century, at least in many minds, to give way before the revela- 
tions of the giant telescopes which had come into use, and especially 
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of the teJescope, six feel in diameter, constructed by the late Earl 
of Rosse. 

"Nebula after nebula yielded, being resolved apparently into 
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be regarded, not as the early stages of an evolutional progress, but 
rather as stellar galaxies already fomied, external to our system- 
cosmical'sand-heaps' too remote to be separated into iheircomponent 
stars. Lord Rosse himself was careful to point out that it would be 
unsafe from his observations to conclude that all nebulosity is 
the glare of stars too remote to be resolved by our instruments. 

"On the evening of August 29, 1864, I directed the telescope 
for the first time to a planetary nebula in Draco. I looked into the 
spectroscope. No spectrum such as I expected ! A single bright 
Hne only ! At first I suspected some displacement of the prism, andi 
that I was looking at a reflection of the illuminated slit from one oP 




Fio. 70,~Ring nebula in Lyra. 
[From Morgan's " Advanced Phyiiigrafhy.") 

its faces. This thought was scarcely more than momentary ; then 
the true interpretation flashed upon me. The light of the nebula 
was monochromatic; and so, unlike any other light I had as yet 
subjected to prismatic examination, could not be extended out to 
form a complete spectrum. After passing through the two prisms, it 
remained concentrated into a single bright line, having a width 
corresponding to the width of the slit, and occupying in the instrument 
a position at that part of the spectrum to which its light belongs in 
refrangibility. A little closer looking showed two other bright lines 
on the side towards the blue, all the three lines being separated by 
intervals relatively dark. 

"The riddle of the nebulfe was solved. The answer, which had 
come to us in the light itself, read : Not an aggregation of stars, but 
a luminous gas. Stars after the order of our own sun, and of the 
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blister stars, would give a different spectrum; the light of this 
nebula had clearly been emitted by a luminous gas. VVith an excess 
0/ caution, at the moment I did not venture lo go further than to 
point out [bat we had here lo do with bodies of an order quite 
(IKferenl Ironi that of the stars, further observation soon convinced 
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roe ihat, though the short span of human life is far too minute 
relatively to cosmical events for us to expect to see in succession any 
distinct steps of so august a process, the probability is indeed over- 
l^elraing in favour of an evolution in the past, and still going on, of 
; heavenly hosts. A time surely existed when the matter now 
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condensed into the sun and planets filled the whole space occupied 
by thu solar system, in the condition of gas, which then appeared as 
a glowing nebula, after the oider, it may be, of some now existing 
the heavens. There remained no room for doubt tliat the nebula, 
which our telescopes reveal to us, are the early stages of long pro- 
cessions of cosmical events, which correspond broadly to those 
required by the nebular hypothesis in one or other of its forms. 

" It is necessary to bear distinctly in mind that the old view 
which made the matter of the nebula; to consist of an original fiery 
niisl, in the words of the poet — 



could no longer hold its place after Helmholtz had shown, in 
that such an original fiery condition of the nebulous stuff was quite 
unnecessary, since in the mutual gravitation of widely separated 
matter we have a store of potential energy sufficient to generate the 
high temperature of the sun and stars. 

"The solution of the primary riddle of the nebuUe left pending 




some secondary questions. What chemical subslances are represented 
hy the newly found bright lines? Is solar matter common lo the 
nebula; as well as to the stars? What are the physical conditions of 
the nebulous matter? 

" Further observation shon-ed two lines of hydrogen ; and recent 
observations have shown associated with it Ihe new element recently 
discovered by Professor Ramsay, occluded in certain minerals, and 
of which a brilliant yellow hne in the sun had long been looked upot 
as the badge of an element as yet unknown. The principal line o 
these nebulie suggests probably another substance which has not yet 
been unearthed from its hiding-place in terrestrial rocks by the 
cunning of the chemist." 

The different kinds of nebula, no doubt, represent different 
stages in condensation of the original nebular matter. The planetary 
nebulie show edges sharply defined in the form of a circle or slight 
ellipse, but a higher type still is that of the slellar nebulae, in 
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lerably well-defined bright slar is surroQcided l>y a disc or hat 




D Fig. 72 is shown l!ie planetary nebula in Aquarius, wi 

in of three lines, and in I'ig. 73 is shoMii dn: spedrum of ihei 
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great nebula in Orion, with which is compared Ihe spectrum of the 
white stars. 

In Fig, 74 we have a fine photograph of the great nebula in 




of Ihe great nebul;i in Andromeda, fhoiofjr; 
reflector of the Yerkes Observatory, by G, W. Rilii 
(From Iht Asimphysicat /oumal.) 

Andromeda, taken with the two-foot reflector of the Yerkes Observa- 
tory, with an exposure of four hours ; and in Fig. 75, a photograph j 
taken with the Crossley reflector of the I..ick Observatory, on July 6, f 
1899, with an exposure of three hours, of the remarkable trifid I 
nebula in Sagittarius. 
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The latest determinations of wave-lengths of iiebolar lines are 
^ven in Licic Observatory Bulletin, No, 19. They are — 



(tue to byilfogen. 
a helium. 



3965*1 doe to helii 
3MS9'2 Hf, duel 



hydrogen, 
byilrogtn. 



3729 'O 
3726-4 

f one ntbula shows all of tliese lines. 

■Spectroscopic evidence leads to the conclusion that the dlRerent 

mical elements as we know them on the earth are widely diffused 

[Groughout the universe, and also no doubt others with which wc 

have not yet made acquaintance upon the earth. The example of 

the gas helium whose existence as a new element was first inferred 

' ofn the observation of the bright yellow line in the spectrum of the 

b'g chromosphere, but which has now been found upon the earth, 

:hes us caution in supposing that wc have as yet made acquaintance 

d all the chemical elements. Only a very small proportion of the 

S photographed in the spectrum of the sun have been identified.* 

\ doubt some of the others are due to some of these — as yet — 

^scovered elements. 

■ Chemists and physicists have been gradually coming to the 

pclusion that the elements are in some way connected together, 

^ould be the case, for example, if they were all modifications of 

i same primary material. The name "protyle" has indeed been 

ren to this hypothetical primary " stuff." The relationships between 

'1 properties of the elements exhibited in the statement of the 

(eriodii: law " make it almost certain that there is some sucli 

Innection between the different elements. The relationships which 

Mve been shown to exist between the different lines of one and the 

same element, and between the similar lines of chemically related 

elements, lead to a similar conclusion. There is some evidence that 

certain lines observed in thesjjectrumofthesfarfPuppis form a series 

due to hydrogen, but these tines have not yet been obtained from 

hydrogen in the laboratory. The Fraunhofer lines H and K, due 

to calcium, are frequently seen at the highest levels in solar 



liundred a. 



B lines whose otigin has n 



An Inlrodncliim In the Study of Spcctniiii Analysis. 

prominences, accompanied only by the lines of the very light gases 
hydrogen and helium, and without the strong calcium line at 4336*9, 
while in the Bunsen flame this line is strong, but H and K do not 
appear. Schuster and Hemsalech have observed that in the electric 
discharge the elements of small atomic weight, such as magnesium 
and aluminium, are projected from the pole with greater velocity 
than heavier ones, such as 7.inc, rarlmium, and mercury, and that in 
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some cases certain lines of an element are projected with greater 
velocities than other lines of ihe same element. These facts seem 
to show that the particles whose vihralions give rise to certain lines 
in the spectrum of an element may exist independently of the 
particles which give rise to other sets of vibrations. 

Professor J. J. Thomson attributes the spectral lines to the 
vibrations of "corpuscles" much smaller than the chem*cal atom, 
and he believes thai the chemical elements are different aggregations 
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\ ihe same kind of material. Possibly tlie original uniformly 
malter of the universe was protyle, and we have the 
JDlution of ihe chemical elements going on and at different stages 
f the different nebulfe and stars. 

Sir Norman Lockyer maintains that the differences between our 

Brestrial spectra and those of the sun and stars can only be 

splained by assuming tliat our elements arc at stellar temperatures 

iated into finer forms of matter, and that " if the terrestrial 

Miients exist at all in the sun's atmosphere, they are in process of 

mation in the cooler parts of it." This would account for the 

jence of some of our elements, if in the intense solar heat they 

J dissociated into simpler forms the spectra of which we do not 

»gnize. 

At the same time there are observations which lead to a different 

jnclusion. Professor Rowland did not find any lines common tii 

fveral elements, or where there ajjpeared to be such coincidence 

■ >re accurate measurement showed some slight difference in wave- 

^th, or revealed the presence of a common impurity. Sir William 

Bnggins has investigated the spectrum of calcium and magnesium 

r varying conditions, and his experiments seem to show that 

iriations in density or in the relative abundance of material have 

B important influence on the relative behaviour of the different lines 

If a spectrum. Sir William says r — 

" In the laboratory, as well as in the stars, one strongly marked 

Bture which distinguishes some conditions of the spectrum of 

Icium is the relative behaviour of a line in the blue at 4227, and 

B lines known in the solar spectrum as H and K. As this relative 

lavtour is usually different in the spectrum of the arc as compared 

ith thai of the spark, the condition of relative feebleness of the 

'i line, which is characteristic in the latter case, has been regarded 

[ criterion of a higher temperature. As this view led to the 

bprobable conclusion that the tempemture in the highest regions 

the solar atmosphere, notwithstanding that the lemperalure- 

ladicnt must be extremely rapid near the solar surface, was very 

iuch greater than lower down, and just above the photosphere, we 

tere induced to make in 1897 a series of experiments which showed 

Nearly that the relative behaviour of the blue line to the lines H 

md K, which had been attributed to an exalted temperature, could 

le brought about by reducing the density of the calcium vapour. 

" This view at once brought the interpretation of the solar 
jdienomena into agreement with our knowledge, from other sources, 
Jf the probable physical conditions existing near the sun's limb, 
"' We are furnished, too, by this interpretation of the relative 
iviour of the blue calcium line and the H and K lines of the 
; substance, with an important criterion which we can apply to 
ellar spectra, since we meet with these lines of calcium in different 
tnditions, as a marked feature in the gradual transition of stars from 
B white to the solar tyjte, 
"What the spectroscope immediately reveals to us are the waves 
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which are set up in the ether. As a rule it is only when a body 
gaseous and suflicienlly hot that the motions within its molecules can 
produce bright lines. The spectra of ihe heavenly bodies are to a great 
extent absorption-spectra, but we have to study them through the 
corresponding emission- spectra of bodies brought into the gaseous 
form and rendered luminous by means of flames or of electric 
discharges. There does not appear to be any direct relation between 
the luminous radiation as shown in the spectroscope and the tempera- 
lure of the flame, or of the gaseous contents of the vacuum-tube, that 
is, in the usual sense of the term as applied to the mean motion of 
all the molecules. In both cases, the vibratory motions within the 
molecules to which their luminosity is due are almost always much 
greater than would be produced by encounters of molecules having 
motions of translation no greater than the average motions whJchj 
characterize the temperature of the gases as a whole. The temperature 
of a vacuum-tube through which an electric discharge is taking place 
may be low as shown ther mo metric ally, but the vibrations of the 
luminous molecules must be violent, and it is lo the fierce encounieis' 
of the few molecules which carry the discharge that the luminosity is 
due; if all the molecules had similar motions the temperature of the 
gas would be very high. 

."So in flames where chemical changes are in progress, the 
vibratory motions of the molecules which are luminous may be veryl 
different from those corresponding to the mean temperature of the 
flame. 

" Very great caution is therefore called for when we attempt li 
reason by the aid of lahoralory exp>eriments to the temperature 
the heavenly bodies from their radiation, especially on the reasonabb 
assumption that in them the luminosity is not ordinarily associate* 
with chemical changes, or with electric discharges, but is due to i 
simple glowing from the ultimate conversion into molecular motion 
of the gravitational energy of shrinkage. 

" The presence in the solar spectrum of lines which we can only 
produce electrically is, however, an indication of the high temperature 
of the sun." 



Doppler's Principle, 

If a radiating body, emitting vibrations of a certain definite 
frequency, is in rapid motion towards or from the observer, the 
frequency will be altered to the observer in consequence of the 
change in the velocity relative to the observer. Thus, a vessel 
moving in a direction at right angles to the waves wilt encounter 
more waves in a given lime if she is moving against the waves than 
she will if moving in the same direction as ihe waves. The same 
thing is true of waves of sound and of light. When a railway engine, 
whistling, passes an observer at full speed, he notices that the pitch 
of the whistle is higher when the engine is approaching, and lower 
when it is receding, than the true note of the whistle. If ihe velocity 
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of sound in air is iioo feet per second, then an open organ-pipe of 
two feet in length will give a note of ^-'^, or 275, vibrations per 
second. If this note be sounded on an engine travelling 40 miles an 
hour, or 59 feet per socond, then, when the i^ngint- is approaching, 
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ihe observer will hear a note of ^^^, or 289, vibrations per second, 
and if the engine is receding tlie note will be ^^^, or 260, vibrations 
per second; which is an alteration of the note by about a semitone, 
up or down. If, then, the exact alteration of note can be measured, 
ihe velocity of the engine can be calculated from the known velocity 
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^H carr)*ing Ihe substances up into the cooler portions of tlie atmosphere 

^H there to condense and fall back again into Ihe tiotter regions, where 

^^P they are again vaporized. As a consequence of these violent 

^" moitons ihe incandescent gas is projected 



I 




flames," or prominences, whicJi are best seen during a total solar 
eclipse, when the body of the sun is hidden by the moon. They 
vary in form and in height, sometimes extending as much as 70,000 
miles beyond the sun's disc. Fig. 77 gives a representation of the 
prominences as seen during the total eclipse of 1869. 
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The Suti — i/s Spots, etc. loi 

A method of observing the prominences at any time, and not only 
during an eclipse, was discovered independently by Janssen and 
Lockyer, which consists in so weakening the white light of the sun 
by passing it through a long train of prisms that the monorhromalic 




images of the prominences become visible, and by the adoption of 
such methods it is now possible to see and to photograph the 
prominences round the sun at any time. Figs. 78 and 79 are copies 
iif photographs of prominences made at the Kenwood Observatory, 
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("hicago, and Fig. So is a copy of a beautiful photograph taken at 
i](j eclipse of 1900. Fig. 8t shows a drawing of the corona at this 

i.<im<; eclipse made from photographs (copied by permission from the 
'raphysital Jovmal). 
LThe telescope shows on the surface of the sun dark spots, varying 
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greatly in number and sijLe, and often large enough to be seen with 
the naked eye, or with the aid of an opera-glass. They share in the 
general motion of the sun's surface, which is due to a rotation of the. 
sun on its axis in about 37^ days, but they have also motions of 
their own ; they open out or close up and disappear, to be succeeded by 
new spots. The spots are more abundant in two zones parallel to the 
sun's equator, between the latitudes 5^ and 40°, as shown in Fig, 82. 
The bright surface of the sun is seen in a telescope not to be 
uniformly bright, but to present a mottled appearance. The brighter 
])ortions of irregular shape are called faculK. Fig. 83 shows the 
appearance of a portion of the sun, showing spots and facula;. Fig. 
84 shows the comparative size of the earth and of the great spot of 





^^jlW< %dHo 








^1 



V\i-.. 84.— The griMl sun-spot of April 19. 1893 ; area, a 
(/•■«.«. AUrga 

April, i88z. A spot appeared in 1S51, which was i 
diameter, 

If, using a spectroscope attached to a telescope, the image of a I 
spot is made to fall across the slit of the | 
spectroscope, the Fraunhofer lines are s 
to be darker in the spot than elsewhere, but 
they are also seen to be thickened and dis- 
torted, as shown in Figs. 85 and 86. 

It will easily be understood that these 
distortions are the result, in accordance with 
Doppler's principle, of rapid motions in the 
absorbing material in the hne of sight, «>. of 
an uprush or a downrush of gas, and from 
the amount of disturbance of the lines the velocities of these motions 
can be calculated. The velocities measured amount to 50 or more 
miles per second ; and prominences have been seen to form «'ith a 
velocity of 250 miles a second. 

When the slit of the spectroscope is jjlaced on the edge of the 
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The Sun — its Spots, etc. 



1, Ihe dark lines are si 



) give place lo ihe bright lines of the 



chromosphere and prominences, and these bright lines are also s 




lobe distorttid in consequence of the violent motion of the gases lo 
which they are due. -Such contortions nf the hydrogen F-line are 
shown in Fig. 87. 




Although we speak of the spots as dark, this is only by com- 
parbon with the brightness of the rest of the sun's surface, The 
darkest part of a sun-spot has realiy a hrightness exceeding that of 
ihe limelight. Surrounding the darkest central portion of a spot is 
a less dark margin, known as the penumbra. The entire spectrum 
across a spot is darkened, but irregularly. Besides the widening of 
most of the lines, some are seen to be reversed, that is, instead of a 
dark line we have a hright one, as shown in Fig. 88. This reversed 
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line is aUo frequently curved and displaced, sliowlng rapid motion in 
the gas producing it. It is further to be remarked that all the lines 
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of the same substance are not equally displaced. Fig. 89 shows thi 
new Potsdam spectrograph. 

The chromosphere, when quite quiescent, gives the hright lines 
of hydrogen and the bright yellow line D:, due to helium. The 
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chromosphere is, however, disturbed liy prominences, and by ihe slow 
formation of " domes," which may bst for weeks, and may be due 




.( the welling up of vapours from beneath. Professor Young, 
.'l.isemng on Mount Sherman, has catalogued over 200 lines of 
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^1 continuous one with three bright hands agreeing in position with the 

^1 three hrightest lines in the spectra of the nebula. 

H On Fehniarv 21, 1901, Dr. Anderson discovered a 

I 



Fic. 91. — S]ieclniin of new star in Cygnus. 

the constellation Perseus of the second or third magnitude. On 
February 23 it had become brighter than Aldebaran; it thei 
declined in brightness, but increased at the end of March, and ther 




.11 of Nova Aurigse, a continuous spectrum with dark lines and a 
^fiectrum of bright lines ; the bright-line spectrum increased in 
riiani 7, aJid the continuous spectrum faded. The principal bright 
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lines were of considerable width, and the hydrogen lines were 
especially brilliant The displacement of the dark lines indicated a 
relative motion of something like 500 miles per second. Velocities 
nearly as great have been observed in the solar explosions which 
give rise to the great prominences. 

Fig. 92 shows the spectrum as phutographed on five occasions, 
from February a?, 1901, to March a8, 1901, at the Yerkes Observatory 
with the great telescope. 




The spectrum is very similar to the first spectrum of Nova 
Aurigie, the hydrogen lines are bright and broad, and accompanied 
on the more refrangible side by dark lines, as in Nova Aurigie. If 
the appearance of a " Nova " is due to an outburst of hot gas, which 
cools as it recedes from the star, the cooler gases approaching us 
would give a spectrum of dark lines slightly shifted towards the blue, 
and the hotter gases on the side of the star remote from us would 
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^^nds. In ihe photograph of March 15, the K band has disappeared, 
but the fine H and K lines remain. There are helium lines at 
5^/6. 47 13. and 4471. H t„ in the photograph of March s8. seems to 
We expanded towards the violet, and has thus apparently altered its 
iroition. But in a photograph of April it has resumed its original 
(wsiiion and width, although much Jess intense ; C has disappeared. 
Photographs of the stars in the region containing the Nova show 
Aspiral nebula surrounding the Nova, which has exhibited remarknhlu 
as cm be seen from Figs, 93 and 94. 



112 Ah fnlroditclion to tin- Study of Spcttnim AnalysU. 

This nebulosity is found lo be expanding with the incredible 
velocity of something like j i minutes of arc per annum. These 
astonisJiing changes can be studied by a comparison of the two photo- 
graphs, Figs. 93 and 94, taken on September ao, 1901, and February 
8, 1903, with the two-foot reflector of the Yerkes Observatory. It has 
been suggested by Kapteyn that the changes seen are due to changes 
of illumination of stationary nebular matter. If this theory is correct, 
and if the successive illumination of portions of nebular matter further 
away from the centre of disturbance is to be explained as due lo 
the time taken by the hght of the central explosion to travel out to 
these outlying portions of matter, then we may draw some conclusions 
as to the distance of this Nova from the earth. Light (ravelling with a 
velocityof 186,000 miles per second, or 365 X 14 X 60 X 60 x r 86,000 
miles a year, we have to calculate at what distance from the earth 
this number of miles would subtend an angle of 1 1 minutes of arc. 
This wouldgivethedistance of the Novaasaboutr, 833, 160, 000, 000,000 
miles. It would take hght about 317 years to traverse this distance, 
so that the explosion which was seen on the earth in 1901 must have 
taken place in 1584, in the reign of Queen Elizabeth. 

On March 16, 1903, a new star was discovered in the con- 
stellation Gemini. It was of a red colour, and its spectrum showed 
bright lines on a faint continuous spectrum, the red hydrogen line 
being especially bright ; it corresponds pretty nearly with the spectra 
of Nova Aurigffi and Nova Persei in their later stages. 



Spectroscopic Binaries. 

The telescope enables us to see that some stars which appear as 
one to the naked eye are really double. This may be either that the 
two stars happen to be nearly in the same line of sight as seen from 
the earth, or because the two stars have some physical connection, 
the line joining them being perceived to change its position, indicating 
that the two stars form a system revolving round each other in a 
certain definite time. Sir William Herschel observed about 2400 
double stars, and many more have since been added to the list. In 
some cases the time of a complete revolution occupies many years, 
in other cases only a few days or hours. The star Mira (o Ceti) has 
a period of eleven months. For two-thirds of this time it is a faint 
star of the ninth magnitude ; it then becomes brighter, and is seen 
as a star of the second magnitude for ten or twelve days. Algol 
(P Persei) has a period of sixty-nine hours. Ordinarily of the second 
magnitude, it decreases gradually to the fourth magnitude, remains 
so for twenty minutes, and then gradually recovers its original 
brightness. In many cases the second star of the double cannot be 
seen, and its presence is inferred from the variation in brightness. 
The variability of Algol is supposed to be caused by a temporary 
eclipse of the light of the star by the passage in front of it of a dark 
component of the system. 
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The introduction of the spectroscope has made possible the 
recognition as binary systems of many stars which could not be 
recognized as such even by the most powerful telescopes. The 
telescope can detect a system, like that of Algol, only in the excep- 
tional case when the plane of the orbit which one component describes 
round the other passes nearly through the sun, so that one component 
seems to pass over the other, and so causes an eclipse. Unless the 
plane of the orbit is nearly at right angles to the line of sight, the 
motion to or from the observer at the spectroscope will give rise to 
a displacement of the lines of the spectrum. If only one of the two 
components is luminous, there will be a periodic displacement of the 
lines; if both are luminous the lines will be periodically doubled. 
When they are in conjunction the spectrum shows nothing unusual, 
but when one component is moving away and the other is approaching 
us, the lines will be displaced in opposite directions, and all lines 
strong enough to be seen in both spectra will appear to be doubled. 
Binary systems which have been discovered in this way by means of 
the spectroscope are known as " spectroscopic binaries." 

The bright star Capella (a Aurigae) was discovered in 1 899 to 
be a spectroscopic binary ; the spectrum of the principal component 
is of the solar type, and that of the secondary component is of the 
Sirian type. Photographs taken in 1896 show that the principal 
component had a velocity towards the earth of 34 kilometres per 
second on August 31 ; 54 kilometres on September 16 ; 44 kilometres 
on October 5 -, and only 4 kilometres on November 12. The period 
seems to be 104 days. 

The pole star has been found to be a spectroscopic binary with a 
period of four days. 

Fig. 62 shows the spectra of the two components of p Cygni — a 
blue star, much the brighter of the two with a spectrum similar to 
that of a Lyra, and a feebler companion of a yellow colour. 



Spectra of Comets, 

One of the most interesting applications of spectrum analysis in 
astronomy is to the determination of the nature of comets. Many 
hundreds of these mysterious bodies have been observed, some 
periodic, returning time after time ; others are seen once and never 
seen again. From successive observations of the position of a comet, 
its orbit can be determined. If the orbit is a parabola, the comet is 
seen once when it circles round the sun, and never again ; but if the 
orbit is an ellipse, the comet may be expected to make its reappear- 
ance after the lapse of a definite number of years. Fig. 95 shows 
the orbit of Halley's comet. This comet was discovered in 1682 by 
Halley, the Astronomer Royal of the time. He found its orbit to 
be an ellipse, and its periodic time to be seventy-five or seventy-six 
years, and therefore predicted its return in 1758; it returned punctu- 
ally in 1758 and 1833, and should reappear in 1910. 

I 
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One of the most remarkable comets of the last fifty years was 
that known as Donati's comet, which was seen in 1858. The orbit 
of this comet is shown in Fig. 96. It attained its fullest development 
and greatest brilliancy in October. The tail extended 40° across the 
sky, but besides the principal tail it developed two smaller, nearly 




Fig. 95. 

straight ones, as shown in Fig. 97. It appears as if the tail of a 
comet were formed of matter driven off from the head by some 
repulsive force — possibly electrical — emanating from the sun. Un- 
fortunately there were no spectroscopes waiting for the comet in 
1858, and Donates comet will not return for 2000 years. 
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Biela's comet was discovered in 1771; it was observed in 1805 
and 1826, and found to have a period of 6'6 years. It was seen 
again in 183a, but at its return in 1846 it was found to have broken 
up into Iwo portions, each with a tail and nucleus, and when next 
seen, in 1852, the two portions had become widely separated. Since 
then it has ne^er been seen, and probably never will be seen again. 




The rapid changes which may lake place in a comet are shown in 
Figs. 98 and 99, which are from photographs taken on two successive 
nights of a comet which appeared unexpectedly in March, 1892, 
known as Swift's comet. No less than thirty-six unexpected comels 
the ten years from March, 1890, lo March, 1S99. 
; first application of the spectroscope to ihe study of comets 
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was made by Sir William Huggins in 1866, Sir William Hiiggins 
thus describes his observation of the comet of 1868 : — 

" I had myself, in the case of three faint comets in 1866, in 1867, 
aiid in January, 1868, discovered that part of their light was peculiar 
to them, and that the light of the last one consisted mainly of thcee 
bright flutings. Intense, therefore, was the expectancy with which I 
directed the telescope, with its attached spectroscope, to the much 
brighter comet which appeared in June, 1868. 

" The comet's light was resolved into a spectrum of three bright 
bands or flutings, each alike falling off in brightness on the more 
refrangible side. On the evening of the 22nd, 1 measured the 
positions in the spectrum of the brighter beginnings of the flutings on 




the red side. I was not a little surprised the next morning to find 
that the three cometary flutings agreed in position with three similar 
flutings in the brightest part of the spectrum of carbon. Some time 
before, I had mapped down the spectrum of carbon from different 
sources, chiefly from different hydrocarbons. In some of these 
spectra the separate lines, of which the flutings are built up, are 
individually more distinct than in others. The comet bands, as I 
had seen them on the previous evening, appeared to be identical in 
K^ iaracter in this respect, as well as in position in the spectrum, with 

ings as they appeared when I took the spark in a current of 
Befiant-gas. I immediately filled a small holder nith this gas, 

d an apparatus in such a manner that the gas could be 
Attached to the end of the telescope, and its spectrum, when a 
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spark was lakeii in it, seen side l>y side with tliat of tlie comet 

'^' tonunalcly, the evening was Bnej and on account of the 
exceptional interest of confronting for the first time the spectrum of 
an eirthly gas with that of a comet's light, 1 mvited Dr. Miller to 
come and make the crucial observation with me. 'I he expectation 
which I had formed from my measures was fully confirmed. The 
comet', spectrum, when seen together with ttiat from the gas, agreed 
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in all respects precisely with it. The comet, though ' suhtle 
Sphinx,' had at last yielded up its secret. The principal part of its 
light was emitted hy luminous vapour of carbon (Fig. loi). 

" This result was in harmony with the nature of the gas found 
occluded in meteorites, Odling had found carbonic oxide as well as 
hydrogen in his meteorite, Wright, experimenting with another type 
of meteorite, found that carbon dioxide was chiefly given off. Many 
meteorites contain a large percentage of hydrocarbons. From one of 
such sky-stones, a little later, I observed a spectrum similar (o that 
of the comet. The three bands may be seen in the base of a candle- 
flame. 
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"In 1 88 1, for the first time since the spectroscope and also 
suitable photographic plates had been in the hands of astronomers, 
the coming of a bright comet made it possible to extend the exami- 
nation of its light into the invisible region of the spectrum at the blue 
end. On Jime 22, I was able to obtain, with an exposure of one 
hour, a good photograph of the head of the comet. It was under 
a great tension of expectancy that the plate was developed, so that I 
might be able to look for the first time into a virgin region of nature, 
as yet unexplored by the eye of man. 

"The plate contained an extension and confirmation of my earlier 
observations by eye. There were the combined spectra of two kinds 
of light — a faint, continuous spectrum, crossed by Fraunhofer lines, 
which showed it to be reflected solar light. Upon this was seen a 
second spectrum of the original light emitted by the comet itself. 
This spectrum consisted mainly of two groups of bright lines, 
characteristic of the spectra of certain compounds of carbon. It 
will be remembered that my earlier observations revealed the three 
principal flutings of carbon as the main feature of a comet's spectrum 
io the visible region. The photograph brought a new fact to light. 
Liveing and Dewar had shown that one of these bands consisted of 
lines belonging to a nitrogen compound of carbon. We gained the 
new knowledge that nitrogen, as well as carbon and hydrogen, exists 
in comets. Now, nitrogen is present in the gas found occluded in 
some meteorites. At a later date. Dr. Flight showed that nitrogen 
fonned as much as 17 per cent of the occluded gas from the 
meteorite of Cranboume, Australia.*' 

Comet 1898 I (Perrine) was observed by Professor Wright to have 
a spectrum of the usual type, the three characteristic bands superposed 
upon a relatively strong continuous spectrum. 

Comet 1898 VII (Coddington) showed the same spectrum. 

Comet 1898 X (Brooks) showed the three bands, the one in the 
green being much brighter than usual, with a weak continuous 
spectrum. 

Comet 1899 a (Swift) had a spectrum resembling that of Brook's 
comet of 1898; it was photographed, and gave the following results : — 

4883 bright line. 

472 blue band, agrees with the fourth carbon band . 

^^ /violet band, ,, „ ,, fifth carbon band j^^^* 

4313 . » M n carbon band (/) at 4313. 

421 faint band, ,, „ ,, cyanogen hand at 4216*1. 

413 faint band, „ ,, „ „ ,, 41281. 

4100 

4074 bright. 

4052 bright. 

4042 bright. 

3987 faint. 

3879 bright, agrees with cyanogen 3883*5. 

3869 very bright, agrees with cyanogen 3871*5. 



CHAPTER X. 

TJIE CONCAVE CRATING. — PHOTOGRAPHY OF TlfE 
SPECTRUM. 

The great advance m accuracy in recent measurements of spectra 
is undoubtedly due to Rowland's invention of the concave grating. 
In order to attain accuracy Professor Rowland had first to devise a 
method of cutting a sufficiently accurate screw. The method he 
adofited for this purpose will be found described in the " Encyclopaedia 
Britannica " in the article " Screw." In order to produce an accurate 
screw, the screw, having been cut, is ground by means of a grinding- 
nut as long as the screw, the two halves of which can be tightened 
together as required. It is excessively difficult to avoid all periodic 
error in the screw, and that due to error in the centring and gradua- 
tion of the divided head. The dividing engine constructed by 
Professor Rowland is capable, when maintained at a constant 
temperature, of making a scale of six inches in length, with errors at 
no point exceeding one hundred-thousandth of an inch. To make a 
grating of that length with 14,000 lines to the inch requires four 
days and nights of continuous labour, and the result is seldom 
perfect, on account, possibly, of wear of the machine or change of 
temperature. The grating is ruled on a concave spherical surface 
of polished speculum metal. The lines are the intersections of a 
series of parallel planes, one of which passes through the centre of 
the sphere. The relationship between the number u of lines (and 
spaces) in a grating and the wave-length X of the light by which a 
diffracted image is formed in a spectrum of the order N, is given by 
the formula 



NX = m (sii 



I'*'); 



where / and B are the angles made by the incident and refracted 
light with the normal to the surface of the grating. This formula 
applies to either plane gratings or curved ones, (The lower negative 
sign is to be taken if the incident and diffracted rays are on opposite 
sides of the normal.) If the radius of curvature of the grating be 
taken as a diameter on which a circle is described, then it may be 
showii that a luminous point anywhere on this circle will have its 
image somewhere on the same circle. Rowland adopts the mounting 
shown in Fig. 102. SE and SG are two heavy wooden beams 
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which are rails fixed at right angles to each other. GE is a tubular 
iron girder equal in length to twice the radius of curvature of the 
grating. It is supported by carriages at G and E, which run on the 
rails OS and ES. In all positions, then, S will be on the circle of 
which GE is the diameter. The 
grating being at G, and the slit at 
S, and the camera or eye-piece at 
E, the image of the slit will always 
be in exact focus at E. Since GE 
passes through the centre of cur- 
vature of the grating, ^ = o, and 
the formula given above becomes 

N\ = (11 sin /. |X 

The resolving power of a spectro- 
scope or its capacity for separating 
Imes which differ little in wave- ^'*^- ^o^. 

length must be carefully distin- 
guished from its dispersive power. The dispersion of a grating depends 
chiefly upon the number of lines ruled in a unit of length and upon 
the order of the spectrum observed. The resolving power depends 
upon the total number of lines, on their exact equality of distance, 
and on the order of the spectrum. The resolving power may be 
defined as the ratio of the mean wave-length of two lines, which can 
just be seen as separate, to their difference in wave-length. The 
mean wave-length of the two sodium lines is 5893, and their difierence 
of wave-length is 5*97. To separate them a spectroscope must have 
a resolving power of 988. The most powerful gratings have a 
resolving power of between 100,000 and 200,000. If a grating has 
altogether n lines, and we employ the spectrum of the Nth order, 
then the resolving power is proportional to N//. We thus attain the 
same result by using a spectrum of a higher order with a smaller 
number of lines. Gratings of 15,000 or 20,000 lines to the inch are 
used, but there is little advantage in having a larger number of lines 
to the inch than this. Fig. 54 shows Mr. Higgs's apparatus for 
photographing with a Rowland concave grating. Figs. 51, 53, 55, 
and 56 show (imperfectly) the quality of the photographs produced. 
Most gratings give a brighter spectrum at one side than the other. 
It may happen that, in consequence of some peculiarity in the shape 
of the grooves, most of the light is concentrated in the spectrum of 
one particular order on one side or the other. The rail SE may be 
graduated in equal divisions representing wave-lengths, so that the 
camera may be set to any particular wave-length which it is desired 
to photograph. The radius of curvature of the grating is usually 
21^ feet, and the photographic plates are 19 inches long and 2 inches 
wide. 

Professor Rowland says : " We put in the sensitive plate and 
move to the part we wish to photograph. Having exposed that part 
we move to another position and expose once more. We have no 



r 
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thought for the focus, for that remains iwrfecl, but simply refer to the 
table giving the proper exposure for that portion of the spectrum, and 
so have a perfect plate. Thus we can photograph the whole spectrum 
on one plate in a few minutes from the F line to the extreme violet, 
in several strips, each twenty inches long, and we may photograph 
in the red rays by prolonged exposure. Thus the work of days with 
any other apparatus becomes the work of hours with this. Further- 
more, each plate is to scale, an inch on any one of the strips repre- 
senting exactly so much difference of wave-length. The scales of the 
different orders are exactly proportional to the order. Of course, 
tlie superposition of the spectra gives the relative wave-length. One 
important property of the concave grating is its astigmatism, i.e. that 




the image of a point of light at the slit is a short line. Thus a small 
spark gives a spectrum of sensible width ; there are no longitudinal 
lines due to dust on the slit, since these are brought to a different 
focus." 

Fig. 103 represents a spectrometer and plane grating arranged 
for the measurement of wave-lengths. This method involves the 
accurate measurement of the angular deviation of the ray observed, 
and the determination of the exact value of the grating space. The 
grating space is never exactly the same throughout the whole ruled 
surface. Regular or periodic variations give rise to the so-called 
" ghosts," or false lines, first described by Quincke and carefully 
investigated by Pierce, and to differences in focus of the spectra on 
opposite sides, as investigated by Cornu ; or a portion of the grating 
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may be altogether abnormal, having a ruling peculiar to itself. If 
this abnormal ruling be confined to a few himdred lines, the effect 
will only be to difiiise a certain proportion of the light without 
producing false lines or sensibly injuring the definition, but an error 
will be introduced into the estimate of the grating space if this be 
determined by counting the number of lines and dividing this into 
the total lengdi of the gratmg. The abnormal ruling is more likely 
to occur at die commencement of the ruled space, and if it can be 
detected it should be covered up. 

Professor Hartiey, in Thorpe's " Dictionary of Applied Chemistry," 
gives the following accoimt of his method of photographing the 
spectrum : — 

"In photographing spectra ranging from 4000 to 2000 tenth- 
metres the most suitable prisms are of quartz, as first used by M. 
Comu ; they are cut perpendicular to the axis, one of right-handed, 
the other of left-handed rotation, each of an angle of thirty degrees. 
They may be cemented together, back to back, by a drop of glycerin, 



Fig. 104. 
{From Thorpe's *' Dictionary of Applied Chemistry.") 

or the one may be fitted to the collimator close to the lens, and the 
other in a similar manner in front of the telescope or camera lens. 
The lenses are of similar thickness, and of right- and left-handed 
ciystals. Instead of a telescope, a photographic camera of some- 
what unusual construction is employed, the plate carrier of which is 
so inclined to the direction of the mean ray of the spectrum that it 
makes an angle therewith of nineteen degrees to twenty-four degrees 
(Fig. 104). By such means all the rays, inclusive of the wave-lengths 
given above, are focussed with accuracy on one plate, and a magnify- 
ing power of twenty-five diameters may be employed with advantage 
in examining the photographs. The camera back is constructed so 
that the normal position is angular, but it is also made to swing on a 
vertical pivot situated at its centre, the centre of the pivot being in 
the same vertical plane as the centre and front of the surface of the 
focussing screen. The collimator should be fitted with a graduated 
draw-tube and rack and pinion. A connection between this and 
the front half of the camera is made of leather, folded bellows fashion. 
This admits of a certain degree of * side-swing,' with to-and-fro 
motion for focussing. The camera should be mounted on an iron 
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framu, which falls inio position on an iron table to which the colli 
mator is fixed. No mailer what be the length of the collimator, it 
should be supported for at least one-half of its length, and admit of 
being fixed at the minimum angle of deviation for the mean ray. 
An opening is cut in the collimator-tube of about one-third of its 
circumference in width, and two inches in length, which may be 
closed by a sliding cover. This enables the experimenter to judge' 
in which direction to move the electrodes, so that the rays of the 
spark may fall exactly upon the slit and pass along the axis of the 
collimator. This is done by means of a card, which fits just inside 
the opening, and has a vertical line ruled at a point coinciding with 
the centre of the tube, When the spark is properly adjusted, 
spindle-shaped bundle of rays strikes the centre of the card. The 
&lit should he ^ to -jr!^ of an inch in width, and it is well to protect 
it from dust by a plate of quartz. The source of illuminatioi 




.ibsorption spectra are to be studied, should be condensed sparks 
from metals affording lines of known wave-lengths, and so numerous 
that they practically serve the purpose of a continuous spectrum. 

" Details of construction of the camera will be understood from 
Figs, 105 and 106, which show the instrument in plan and elevation, 
while Fig. 107 shows the back of the camera with the dark slide in 
position, and the shutter in front slightly raised. M is a rigid shallow 
box, in front of which is the lens in its fitting N. L, which is a con- 
tinuation of M, is triangular in form, and is movable in two directions. 
It moves to and fro by means of the screw K, and makes a greater 
or lesser angle with the mean ray XN by turning on the pivot situated 
at X. The screws A A serve to clamp the ' swing-back' in position. 
The camera back is constructed to carry plates capable of taking 
several photographs, and the dark slide is moved up or down by the 
thumb screws I) B acting on a pinion which works the rack on the 
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front edge of the dark slide DD. CC is the movable frame for 
the dark slide. The interior edge of the dark slide is shown in 
shadow by GG, while H is the slit in the camera back through wJiich 
the spectrum is projected. E and F represent the door at the back 
and the sliding front respectively. In the elevation (Fig. 106) is 
seen the body of the camera, and door to the same, J, through which is 
seen the slit by which the spectrum passes to the sensitive pbte. In 
the act of focussing a glass plate covered with some fluorescent 

material is placed in the dark slide, and the lines of the spectrum are 

viewed by reflection. 

"Some care is required to secure a proper adjustment of the 

instrument and obtain good photographs. The battery power, she 

of coil, and condensing surface must alt be proportional lo the 

distance between the electrodes, in order that the 

njndity of the passage of the sparks should render 

tlie light almost continuous. The coil should give 

a six-inch spark in air, and it is better to excite 

it with three storage cells than with five cells of 

Groves battery. The electromotive force of the 

cells should be r'8 volts. The current required to 

wotk such a coil is from 7i to 8 amperes ; three 

stotage ceUs yield 155 amperes, but with a resist- 
ance of \ ohm in circuit, the current is conveniently 

reduced. Electric light carbons have been used 

for the resistance. The smallest condenser to be 

of any use has 72 square inches of tin-foil on each 

side of a glass plate, and a margin of 3 inches. 

It is filed in a wooden frame, with binding screws 

attached to the wood. Special methods have been 

adopted for examining the emission spectra of 

solutions, and for observing absorption spectra. , ' "", '""■ 

Two materials have been commonly used for ■■'il'uiLnai^ ^f 

solutions, namely, eleclrodes of graphite and gold. . i/i///,./ Chemistry: % 

Wicks of gold wire are made to pass just above 

ihe surface of the solution, which is contained either in a porcelain 

crucible or in a small U-tube, one limb being longer than the other 

(Fig. 108). 

" Gra[^ite electrodes for the same purpose are cut to the shape of 

Hedges, about 5- inch in length and \ inch in width. The wedges 
are attached to platinum wires, and are fixed in glass tubes as shown 
in the figure ; the lower wedge dips into the solution, which is carried 
to its upper edge by deep grooves or scratches. Capillary attraction 
keeps the lower electrode moist at its upper surface. Generally 
speaking, there are only two lines of any olher element than carbon 
visible in the spectrum of good graphite, and these are the first and 
third of the quadruple group in the magnesium spectrum, wave-lengths 
Z794'4 and aSoi'i. The second and fourth are very faintly seen, 
wave-lengths 2796*9 and 27896. Impure graphite is apt to show 
ihe spectrum of iron. 
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In order to secure fine definition, a condensing lens in front of 
the slit is necessaiy. It should be of quartz, of 3 inches diameter 
and 3 inches focal length. The spark is best if very brilliant and 
not exceeding -^ inch in length. It should pass upwards — that is 
to say, the lower electrode must be the negative pole. When this is 
the case, splashes of liquid are carried up, and the noise of the sparic 
is louder, 

" The best gelatino-bromide emulsion plates are used for photo- 
graphing. The image is developed by pyrogallol, or hydroquinone 
and ammonia. Hydroxylamine hydrochlorate, and caustic soda with 
a little potassium bromide, is also a good developer." 

The sensitiveness of the ordinary gelatino-bromide plate only 
begins in the green about the b lines, although it extends into the 



ftp CI* 




{From Thorpe's 



Spectrum far beyond the visible violet. Of the yellow and red lines 
no trace is obtained. If it is desired to phot<%rapb in this region, 
special plates must be employed, made by staining the [date with 
some dye. Fig. 109 shows the effect of various dyes in extending 
the sensitiveness of the plate into the yellow and red. 

By the use of coloured transparent screens, to reduce the 
action of the blue part of the spectrum, it is possible to photo- 
graph as far as the line C on ordinary unstained plates witli a long 
exposure. 

No single staining material is known which will give a correct 
representation of all the colours of the spectrum, but by the simul- 
taneous use of stained plates and properly chosen screens, a very fair 
approximation to the desired result can be attained. Vt^el first, in 
1873, employed aniline dyes to render the plates sensitive to the green, 
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yellow, and red rays. Plates stained with coerulein,* and used with 
a screen of chrysoidin (a thickness of 11 mm. of an alcoholic solution 
of the strength i : 12000), enables the whole spectrum, from the ultra- 
violet O up to the red line A, to be photographed. 

Erythrosine t plates are sensitive to die whole of the spectrum 
from D to H. These are the ordinary " orthochromatic " plates. 
They are especially sensitive to the green and yellow light. 

Cyanin % increases the sensitiveness of the plate to orange and red 
in a marked degree ; whilst the plate possesses less sensitiveness to 
green. These plates are also useful with longer exposure for the 
ultra-violet rays. The cyanin bath is made by taking 2 c.c. of an 
alcoholic solution (i : 400) of cyanin with 100 c.c. water and \ c.c. 
ammonia. The plates should be prepared and developed in absolute 
darkness. 

Congo-red and benzo-purpurin increase the sensitiveness for the 
region from the green line E to the orange beyond D. The bath is 
made by adding to 100 c.c. water i c,c. ammonia and 2 c.c. aqueous 
solution of the dye (i : 400). 

Of plates which may be purchased ready dyed may be mentioned 
the Cadett " Spectrum plates." These must be developed as far as 
possible in absolute darkness; metol is recommended as the best 
developer. There are also the plates prepared by the Lumiere 
Company, which are of three kinds : the A orthochromatic plates, 
sensitive to green and yellow; the B orthochromatic, sensitive to 
yellow and red ; and the C orthochromatic, or panchromatic, plates, 
sensitive to green, yellow, and red. These last must be developed in 
darkness ; the A plates may be developed by feeble red light, and 
the B plates may be developed by feeble green light. 

It may be noted that the dye substances used to extend the 
sensitiveness of the plate towards the red also not unfrequently 
improve the qualities of the plate for the blue and ultra-violet portion 
of the spectrum, inasmuch as the sharpness of the lines is increased. 
If intended for photographing the blue portion, the quantity of the 
dye (ccerulein, for example) may be increased. 

The fullest information on the subject of dyeing plates for 
spectrum photography will be found in the valuable researches of 
Eder and Valenta, entitled " Beitrage zur Photochemie und Spectral- 
analyse." 

In Fig. 1 10 are shown the spectra of cadmium, zinc, lead, thallium, 
and tin, from about 2770 to 1940, as photographed by Professors 
Eder and Valenta, copied by permission from their "Beitrage zur 

* Coerulein is the colouring substance obtained by heating gallein with 
sulphuric acid ; it does not dissolve readily, and is best used in the form of the 
compound coemlein-sodium-bisulphite, which is soluble in water. The plates are 
stained by bathing them for three or four minutes in a solution of 0*02 grms. of 
the ccemlein-bisulphite.in 100 c.c. of water with 8 drops of ammonia, and allowing 
the plates to dry. 

T Erythrosine, or iodo-eosine, is the potassium compound of tetraiodo-fluor- 
escdne. The bath must be highly dilute (one in ten thousand) and ammoniacal. 

X Cjranin is chinoline blue. 
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»77'i 275^1 3658, Z501, 2138, 2064, Z061, 3025, 1967, and 1947, « 
which [he first four are strong hnes. 

In the lead spectrum we have marked 2663, 2614, 3577, 2471 
2395) 2103. and in the thallium spectrum 2768, 2709, 2580, 2531 
2469, 2451, 2379. double 2298 and 1964. 

Fig, III shows the spark- and arc-spectra of cobalt and copper 
In the spark spectrum of copper the lines marked are 2769, 276(^ 
2713, 2689, 1618, 2369, 2303, 2294, 2276, 2247, 2342, 2228, 23iq 
ai99, 3193, 3189, 2149, 3123, 2104, 2055, 2025, and 1999. 

In Fig. 1 1 3 we have the spark- and arc-spectra of iron an 
nickel ; these photographs show the accuracy with which an enormoi 
number of closely packed fine lines can now he recorded by th« 
photographic method. In the iron spectrum the lines whose wavft 
lengths are marked are 3767, 2747 and 3746, 2720, 2689, 2664, 
261 1, 2599 and 2598, 2585, 2563, 2534 and 2533, 2493, 2454, 2439; 
2413, 2399, 2308, 2373, 2332- 2327, and 2280. 

In the nickel spectrum the lines marked are 2593, 2576, 251 
2484, 2473, 2437. 2416, 2375, 22877 and 2287'2, 2270, and 2264. 



Absorption Spectra. 

It has already been remarked that some substances are hi 
recognized by observation of their absorption spectra. Al! so-cal]e( 
transparent substances absorb some light, even air and colouriea 
glass, and, as we have seen, the photography of the spectrum t 
interfered with bythis absorption. But in the case of these colourles 
substances, the absorption may be said to be general, as oppos 
the selective absorption of such substances as those of which thi 
spectra are shown in Figs. 32 and 33. These are obtained by placin) 
the solution to be examined in a wedge-shaped glass trough in front o 
the sht of the spectroscope, and using daylight or some other sourc( 
of white light. The thickness of the solution increasing in a regulai 
manner from the edge of the glass cell, we obtain a series of spectn 
corresponding to different thicknesses of the absorbing material, an 
we observe that certain colours of the spectrum are acted on moi 
quickly than others. Thus, a solution of chromium sesquichloride, 
dilute, is of a green colour, but a strong solution, or a greati 
thickness of solution, transmits only purple or red light. In the sam< 
way glass coloured with cobalt oxide is blue in a small thickness, bu 
if many pieces of glass are placed together only red light can mab 
its way through, 

A very dilute solution of potassium permanganate shows five dari 
absorption bands in the green, as shown in Figs. 27 and 32. ~ 
very slight increase in the thickness of the layer of liquid or in tb 
strength of the solution obliterates these bands, and only a broa( 
band of blue light and a narrow band of red light are transmitted 
a further increase in thickness extinguishes the blue band, and 
deep red light passes. 
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Fig. 113 shows the absorption spectra of chlorophyll (No. a) (ih^ 
green colouring mailer of leaves), of blood (No, 3), and of ihe coloured! 
vapours of iodine (No. 4), and of nilrt^en peroxide (No. 5) (nitrousfl 
Bcid). These two gases, as well as other coloured gases, such a 
bromine vapour, chlorine, and others, are remarkable for the regularityH 
and intricacy of the banded spectra which ihey give by absorption 
temperatures. The absorption speclrum of iodine vapour is altogether! 
different from the emission spectrum shown in Fig, 27. These differ- J 
ences are no doubt due to different complexity of the molecules 
different states of the same absorbing substance. Iodine dissolves in | 




carbon disulphide or chloroform to form a violet solution of nearly the 
same colour as the vapour, but these solutions do not give the same 
banded absorption spectrum as that of the vapour. The molecule of 
iodine in the solution is, no doubt, more complex than the molecule 
in the cool vapour, and this, again, is not so simple as the molecule 
the electric discharge. Blood possesses so distinct an absorption 
spectrum, that it is possible to determine with certainty tiiat &' 
reddish fluid, or the stain produced by it, is really blood, even when 
the microscope fails to give certain evidence. Blood owes its red 
colour to a substance called hemoglobin, which is a compound dt 
an albuminoid substance with a red colouring substance containii^ 
iron, known as bsematin. In arterial blood hiemoglobin is loosely 
combined with oxygen, which is easily removed by treating the blood 
with reducing agents, such as ammonium sulphide. In cases of 



^KTAf Com-iivc Grating. — Plmkigrnphy of tht S/in'triim. 133 

poisoning by carbon monoxide {e.g. from waler-gas), the hemoglobin 
enters into combination with carbon monoxide instead of oxygen, and 
this compound — as will be seen — possesses its own chataclerialic 
absorption spectrum. 

Even a very dilute solution of blood gives two characteristic 
absorption bands between D and E, whose wave-lengths are 5774 
^'^ 539°- On addition of ammonium sulphide, two strong bands of 
reduced hsmatin at 5570 and 5240 ace produced; the second of 
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;, it may be noted, is between E and b, whereas (he oxyhsem 

globin band is between E and D. On shaking up the liquid with 
air the bands disappear, but a further addition of ammonium 
sulphide restores them. 

Blood which has absorbed carbon' monoxide shows two bands 
between D and E, but nearer to E than thtr bands of unpoisoned 
blood. Their wave-lengths are 5735 and 5380. These bands are not 
^^eded by ammonium sulpliidc. 

The spectroscope may be combined with the microscope for the 
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examinatioa of small objects. Figs. 116 and 117 show such a 
micro-spcctroscopic eye-piece. The prism is contained in the tube 
A. Below the prism is an achromatic combinatioD, having an ad- 
justable slit between the two lenses, the upper lens being furnished 
with a screw-motion to focus the slit. C and H are milled heads 
which adjust the sliL D is an arrangement for holding a small tube, 
so that the spectrum of its contents may be compared with the 
spectrum of the object on the stage of the microscope, I is a mii 
for throwing light through this, and E a screw regulating the amount 




■n of chlorophyll— ilrong solulion 
ctalorophrll— weak solulion 
phyllocyanin 
pbylloxfinlhm 
n phylloKanthin derivalive. 
an ethyl conipoiilid of Ihe prei 



■ding. 



of h'ghl which is admitted to form this second spectrum. The exact 
focussing on the lines of the spectrum is done by means of the 
milled head B. 

Chlorophyll is insoluble in water but soluble in alcohol. A 
solution made by digesting green leaves with alcohol, if strong, 
absorbs nearly all the spectrum — only red light being transmitted ; 
but with a more dihite solution absorption bands are developed in 
the green. Addition of acid changes the colour to dull yellowish 
green or olive,'and from this acid solution Fremy has separated two 
oiher colouring substances, which are called phyllocyanin and 
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phylloxanthin. PhyllocyanJn form a blue solution in hydrochloricH 
acid which gives a spectrum with five absorption bands, Fhylloxan^f 
thin is yellow, and has a spectrum nith four absorption bands^ 
These spectra are shown in Fig. ii8. fl 
The spectroscope is often of value in identifying particular dye^f 
or colouring substances and in tracing them even when mixed witbfl 
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by two bands, one about D and the other near C ; and purpurine is 
marked by different bands in the neighbourhood of F and E. 

The genuine red colouring substance of wine, derived from the 
skin of the grape, has a spectnun quite different from that of magenta 
or other dyes sometimes used in sophisticating " wine." The 
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detection of such adulterations does not depend only on the ditfer- 
ences between the spectra themselves, but also upon the series of 
alterations in the spectrum brought about by treatment with various 
reagents. Cubes of glycerine jelly soaked in the wine to be tested 
are not much stained if the wine is genuine, but many of the dyes 
penetrate the jelly throughout, and a slice cut from the cube may be 
used to give the absorption spectrum. Indigo and logwood may be 
detected in this way. 




RELATIONSHIPS BETWEEN THE DIFFERENT LINES OF A 
SPECTRUM, AND BETiVEEN LINES OF THE SPECTRA 
OF ALLIED ELEMENTS. 

One of tht most interesting subjects of speculation is the inquiry 
into the existence of relationships between the different lines of the 
same spectrum, and of relationships between lines of the spectra of 
allied elements. One cannot but be impressed by the beautiful 
rhythmical arrangement of the lines forming such groups as those of 
the carbon spectrum (Fig, 1 6), of cyanogen (see Fig. 5 1 , lower strip, 
between 7 and 8), and of the groups A and B in the soiar spectrum 
(see Figs. 56 and 57), which seem to be repetitions of each other. 
The lines we observe are due to vibrations in the ether of definite 
|)eriod, and the period is in some way determined by the particular 
atoms or molecules of the substance, which — as we say — " give that 
spectrum." 

Even in the early days of spectrum analysis it was felt that there 
must be some connection between the vibrations to which the 
different lines of a glowing gas are due, and the earlier attempts at 
tracing this connection were based upon analogy with music, 
pianoforte string, for example, is capable of giving not only 
fundamental or lowest note but also a series of overtones ; the 
octave, of just twice the frequency ; the twelfth, or fifth of the octave, 
of just three times the frequency, and so on. In Fig. 15 we have 
shown the spectrum of hydrogen in a vacuum tube of four lines, 
known as Ha in the red, Hj3 in the green, and H7 and HS in the 
blue; and in the spectra of the stars (see Fig, 73) we have a con- 
tinuation of the spectrum, so that the complete spectrum is made up 
of a series of lines getting closer and closer together as we advance 
into the ultra-violet. Professor Johnstone Stoney endeavoured to 
explain this rhythmical arrangement of lines on the theory that they 
were due to overtones of a low fundamental vibration, and he 
showed that Ha, H^, and HS might be the twentieth, twenty-seventh, 
and thirty-second harmonics of a fundamental vibration of wave- 
length i3i277i'4. But there was no place found for Hy in this 
arrangement, nor does it explain the series of stellar lines of 
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hydrogen. It is now generally admitted that such theories will not 
account for the facts, and a definite end was put to such speculations 
by Professor Schuster, who showed that the coincidences observed 
were not more numerous than ought to be the case as the result of 
chance, as we are taught by the theory of probabilities. The first 
striking success in the attempt to explain these regularities in spectra 
was obtained with the hydrogen spectrum by Professor Balmer, in 
the year 1885, who showed that the wave-lengths of the hydrogen 
lines could be calculated by a very simple formula, viz. the oscilla- 
tion frequency 



- = 27418 

A 



■"(■-A) 



where tn is to have given to it the values 3, 4, 5, 6, 7, 8, 9, etc., in 
succession. The spectrum of hydrogen is given in the accompanying 
table, from which may be seen the remarkable agreement between 
observed and calculated values. It will be noticed that the lines for 
which values are calculated from the formula are the brightest lines, 
but there are many other lines of less intensity which do not fall into 
this series. These belong to what is called the secondary or " com- 
pound-line-spectrum " of hydrogen. It should be noted that Professor 
Trowbridge is of opinion that the " four-line " spectrum of hydrogen 
is really due to water-vapour and not to the element hydrogen, and 
that the true spectrum of hydrogen is to be found in this compound 
spectrum. 



Hydrogen (Vacuum Tube and Stellar Spectra). 
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luency in vacuu. 


Wave-length 
(Rowland). 


Intensity. 


m. 


Observed. 
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€06563*042 
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152326 


50849 










5055*2 










5013-15 
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4973*3 
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4928-8 
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1 




4876*1 


4 
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Fi3486i'49 


20 
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20564- 1 


20564 I 


4838-3 


4 




1 




4797*9 


4 




I 




4764*0 


3 








4719*2 


5 








4683*95 


5 








4634*15 


6 








4580-1 


4 









* Or otherwise written -= 2741875(1 — 4/// ^)- 

A 



I40 An Introduetioti to theSludy of Spectrum Analysis. 



nVDROGES IV 




AND STB 
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4 

3 
S 
15 


». 


OwiEliition frequmcy in Ulnlo. 




ob««d. 


Calciilitcd. 


4534 '8 
449S75 
4461-1 
4447;8S 

G' 74340-66 
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2JOJI-6 


2303' 7 



4105-2 

4'95'9 

4177 n 

4171-35 
A)4l0l-S9 
4079-0 
4069-75 
40670 

3997-lS 
3992*0 
3990 'S 
3987-0 
„ 39S2-7S 
lie 3970-25 
3963-3 
3962-4 
39445 
3924-5 
3889-3 

C 3889-15 
3879-7 
3872-45 
3871-8 
3867-2 
3863-3 
3861-7 
3858-85 

3836-6 

13835 '6 
3804-9 
3803-2 

93798-0 
3797-7 
3796-8 
377' 7 

' 3770-7 
3770-3 

«375o'iS 
3741 '3 

A 3734' 1 5 
3732-2 
3722-2 

M37"'o 
3716-05 



260642 


26064-8 


263223 


26322-0 


26512-8 


26S.2-4 


.66SS-I 


26657-1 


26772-3 


267698 
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Hydrogen (Vacuum Tube and Stellar Spectr-\)- 


-coftitniied. 








Oscillation freqnency in vacuo. 


Wave-lcngih 


Intensity. 


m. 




(Rowland). 












Observed. 


Calculated. 


\ 3703-99 
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16 


26990-3 


269903 


03697 '22 


17 


270398 


27039-3 


T 3691 7 1 
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18 


27080-1 


27080*3 


p 3687 -05 
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27114-9 


(T 3682-93 
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T 3679-48 


CO 
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w 3676-43 
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27192-6 271922 


^3673-81 
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X 3671-53 


( *" 
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272289 
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,|; 3669-52 


fc* 
•rN 


25 


272438 


27243-3 


0,3667-70 
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26 


27257-3 


272565 


3666-15 


M 
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27 


27268-9 


27268-3 


3664-71 
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28 


27279-6 


272789 


3663-40 


ta^ 
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29 


27289-3 


27288-3 


3662-14 
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30 


27298 7 


27296-9 


3661-16 




31 


27306-0 


27304-6 



In the column headed " Intensity/' 20 denotes the strongest line, " n " 
-signifies "nebulous." 

It will be seen that — according to this formula of Balmer's — the 
bydrogen lines run closer and closer together, the series ending at 
2741875, which is called " the convergence frequency." Professor 
Pickering has, however, observed in the spectrum of the star ^ 
Puppis, besides this hydrogen series, a number of lines which do not 
fall into this series, and which probably constitute a new series of 
hydrogen lines. They can be calculated by the modified formula 



(■-*S 



864 >i 



X "27559! I — "^2^ J • This series would end at 27559, nearly 

the same place as the first series. Now, Kayser and Runge have 
found series in a large number of elements, and generally two series, 
ending at nearly the same point. Professor Kayser, therefore, thinks 
it probable that hydrogen also has two series. He remarks " that 
this series, which has never been observed before, can perhaps be 
explained by insufficient temperature in our Geissler tubes and most 
of the stars." 

The formula of Balmer is a simpler form of the general equation 

J=A-B/w-^-C/w-^,ori=Afi - ?;;/-2 - 
A A \ A 

general formula of Kayser and Runge ; it reduces to Balmer's 

formula by putting C = O. 

The number of lines in the spectra of the elements varies very 

greatly. In some we have only a few lines or groups of lines, 

obviously distributed with some regularity, so that they suggest the 

existence of some law. In other spectra we have an enormous 

number of lines, so that it becomes very difficult for the eye to trace 



A 



/;/" 



•)• 



This is the 
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any connection. It is generally easier to trace such regularities in 
the ultra-violet portion of a spectrum, because with decreasing wave- 
length the lines of a series approach continually closer together, and 
thus their character of symmetry strikes the eye more easily. Again, 
we can hardly expect all the lines of a spectrum, or indeed any large 
proportion, to fall under any one formula, for in a luminous gas we 
have — no doubt — molecules of very different degrees of complexity. 
A particular spectrum, probably, does not correspond to a definite 
temperature, but is a mixture of the spectra of different temperatures, 
in which the spectrum of the mean temperature predominates. We 
cannot assume that all the atoms of a molecule vibrate in precisely 
the same manner, and if they do not, then each atom may give rise 
to a separate series, which will require a separate formula for its 
representation. Again, of lines belonging to temperatures far re- 
moved from the mean temperature, only the most intense may be 
visible, and it will not be possible to find any formula connecting 
them. Thus in the spectrum of hydrogen it is only the strongest 
which can be represented by Balmer's formula. 

In the case of some elements, such as the metals of the alkalies, 
the spectrum seems to change little with change of temperature, and 
these are therefore the easiest to deal with. 

In the arc-spectrum of lithium twenty lines have been observed, 
and Kayser and Runge find it possible to account for all of the lines 
by means of formulae. The lines fall into three series, which are 
called respectively the principal series, the first subordinate series, and 
the second subordinate series. The formulae for the three series are : — 

Principal series . . . . io*A-^ = 431:8473(1 - 3-06688^-2 - 25*24012///-*) 
First subordinate series . io*A-^ = 2858674(1 - 3*83479^-2 — o-o646o96»»-*) 
Second subordinate series io*A-^ = 28666*69(1 — 4*26945^-2 — 8*o8255»»-*) 

The following table shows the agreement between the results of 
calculation and the observed wave-lengths of the lines in the spectrum 
of lithium : — 



Value of m and series. 
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A6 . . 
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A9 . . 
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P7 
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PS 


• • • 






P9 


• • \ 






Pio . . . 






Pn 


I . . . 







Calculated 
wave-length. 
6600 "08 
6103-77 
4972-11 
4602-37 
4273-44 
4132-44 
3985-94 

3915*40 
3835*47 
3795 '24 
372i'i5 
3672*01 
3232-77 
2741-39 
2562-60 

2475*33 
2425*56 

2394*25 

2373*^5 
2358*22 



Observed 
wave-length. 
6708*2 
610377 
4972*11 
4602*37 

4273*4* 
4132*44 

3985*94 
3915*2 

3838*3 

37949 

3718-9 
36706 

323277 
2741*39 
2562*60 

2475*13 

242555 
2394*54 
2373*9 
2359*4 
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In this table the principal series is marked P, the first subordinate 

series A, and the second subordinate series B, The wave-lengths 

in italics are those used in calculating 

the constants of the formulK. The 

agreement between calculated and 

observed values is very satisfactory 

except for the red line. It ts observed 

that the lines of any one series agree 

in character ; thus the lines of the 

principal series are sharp and easily 

reversed, those of the first subordinate 

_series are difTuse and reversible, and 
I those of the second subordinate series 
Laie diffuse on the red side, and are 

,pot reversible. Further, it is to be 
Aiserved that the intensity of the lines 
,# any one series decreases regularly 

^th increasing values of m. 

Probably the lines which belong 

I any one series result from the 

'ans of the same molecule 1 

_ the principal series belonging to the 

simplest molecule, for it appears par- 
ticularly at high temperatures, and 

embraces especially the ulira-violet 

lines. The diffuseness of the lines of 

the secondary series seems to indicate 

that they are due to the vibrations 

of more complicated molecules, be- 
longing to a lower temperature We 

may expect a whole serieij to be 

absent as the result of dissociation 

under particular circumstances but 

it is not likely that we shall have some 

lines of a series while the brjghtei 

lines of that series are absent- 
In the spectra of the other metiis 

of the alkalies, viz. sodium, potassium 

nibidium,andc£esium, similar relation 

ships are found; the lines in each 

case being divisible into a principal 

series and two subordinate series m 

one of which the lines are sharp an i 

in the other diffuse. There is how 

ever, this difference between these 

spectra and that of lithium, that m 

stead of single lines, as in lithium, 

we have pairs of lines in sodium, potassium, rubidium, and c-e^ium. 
I The arrangement into series in the case of sodium is shown in Fig, 1 2 \ 
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where P denotes the principal series, D the diffiise, and S the sharp 
subordinate series. The formulie are as follows :— 






ahatp fK/A ' = 24549 12(1 — 4'9'774'"~' — 8*ofiio3m-') 
*--'—' =24565-8311 -4-91485W-' ---■>-- — 



Suljordinale difTuse /lo*\^' = 2447672(1 — 449905™-" — 0146997™-') 
series Uo"\-i = 24496-26(1 -4-49905m-- -o'ii9447m-') 

The Fraunhofer D lines correspond to m = 3 in Ihe principal seri< 
It appears that the double lines of the principal series gel closer and 
closer together as the value of nt increases, but that in the two sub- 
ordinate series the double lines are always at about the same distance 
apart, 'i'he same rule applies to the double lines in the spectra c ~ 
the other alkali metals. These formulas account for all Ihe lines i 
the arc-spectrum of sodium with the exception of a pair at 5675'9; 
5670-40. 

Similar relationships are found to hold in the case of potassium __ 
there is a principal series of pairs of lines extending far into the ultra- 
violet, and two subordinate series, also of pairs of lines, in the visible 
portion of the spectrum. The red and blue lines of the flame-spectrum 
belong to the principal series, and correspond to in = 3 and m 
The formulre given by Kayser and Runge for potassium are as 
follows \— 

PrinciDal series i'o"^"' = 3So*f6-55(i - yxt^x^nr'' - \Ti22\6m-*) 

1 nncipii senes . . j^^^^., ^ 35035.90(1 - 3-6i692m-' - I77i746i«-') 

First subordinate rio"X-' = 22021-83(1 — 5'42'57"'~' — 2-83837jm-') 

series \io'a-' = 22077-11(1 - 5 -402 1 OWJ-' - 2-89807™-') 

Second suliotdinate i\rfK-' = 21991-24(1 — j 10434m-' — 5 05410m-') 

scries tio"*-' = 22050-31(1 - 5-i9:67/«---- 5-04922/«-') 

An inspection of these formulse would suggest that probably, in the 
two subordinate series, the coefficients of /«-' and ///-' should have 
the same values for the two lines of a pair, which would give the 
succession of pairs of lines at the same distance apart ; while in the 
principal series, if the first and second coefficients had the same 
value, then the width of the hnes apart would depend on the differ- 
ence between the values of the coefEcients of >/i~*. The distance 
apart of the lines of the pairs would then decrease with increasing 
values of m, and would be inversely proportional to the fourth power 
of m, which is what is found to be very nearly the case. All the forty- 
one lines of the arc-spectrum of potassium are accounted for by the 
above formulce, with only small differences between the calculated 
values and those observed, but the formulEe do not give accurately 
the wave-lengths of the infra-red lines observed by Becquerel and by 
Snow. 

N 
Rydberg prefers another formula \*z lo'X-' = a — -, — — — -.5, 

where a stands for the converge ce fre juency and N has the value 
io972r6 and /i = 0-254. Over a certa n ran£,e of si>ectrum the two 
formula, Rydberg's and that of Kayser a d Runge, agree with the 
observations about equally well, but ne ther II fit the whole range 
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from infra-red into the ultra-violet. Rydberg thinks that the value 

of N in his formula is the same for all elements (or that the product 

A X B, in Kayser and Runge's formula, has always the same value), 

and that the two subordinate series in each element end exactly at 

the same point. This does not appear to be exactly true, though it 

is very nearly so. 

In rubidium we have a principal series, consisting of pairs of lines 

closer together as we pass into the ultra-violet, and two subordinate 

series in the visible spectrum, which are probably pairs, although all 

have not been actually seen as such. The formula for the principal 

series is — 

io*x-' = 33762*1 1(1 — 371781///-* - i6-65343/w"«) 
io»x-» = 33765*38(1 - 37i478«~^ - 1613129W-') 

For the two subordinate series we have — 

ic/'x-i = 20939*39(1 - 578780/f/-* - 6*42884///-*) 
lo^'A.-' = 21179*38(1 - 573303W-- - 6*22299^-') 

Again it seems that all the lines of rubidium can be accounted for by 
means of such formulae. 

With caesium we have quite similar relationships : a principal 
series extending into the ultra-violet and two subordinate scries. 
The formulae are — 

Princioal series . . . /'ol^~; = 3iSO« '56(1- 3-97050^- 15-55107///-) 

irincipai series \io»A-» = 3i465-78(i -3-91498///--- 14 76461///-') 

First subordinate series . . lo^x"' = 19743*25(1 —6-22335w--- i5*4902///-») 
Second subordinate series . . ' io*x~*= 20295 '22(1 -6055 17///-=- i5'6oio///-*) 

The spectra of magnesium, zinc, and cadmium are characterized 
by the presence of triplets, repeated over and over again ; close 
triplets in magnesium, wider in zinc, and still wider in cadmium. 
The Fraunhofer b group is one of these magnesium triplets, shown 
in Fig. 51, and in Fig. 23 the same is seen at 75, and in the zinc 
spectrum a triplet at 95, 100, and 102 ; and in the cadmium spectrum 
a triplet at 80, 95, and 103. 

Kayser and Runge arrange the triplets of magnesium in two 
series, which they think to be both subordinate series, and find that 
the oscillation frequencies can be calculated very nearly by means of 
the following formulae : — 



First series . 
Second series 



io»X-» = 39796-10 - 130398///-= - 1432090///-' 
io»x-» = 3983679 - 130398///-= - 1432090///-* 
lo'X-i = 39857-00 - 130398W-'- - 1432090///-' 
io*x-» = 39836*74 - 125471///-2 - 518781///-' 
io»x-» = 39877*95 - 125471^-= - 518781///-' 
io»x-* = 39897*91 - 125471///-= - 5 1 8781;//-' 



By means of these formulae, 39 lines out of the 56 lines in the arc- 
spectrum of magnesium are accounted for, with very small differences 
between the calculated and observed values, except in the red, where 
the differences amount to i per cent. It will be seen that, accord- 
ing to these formulae, since the coefficients of ///"^ and f,^-^ ^re the 
same for the three lines of the triplets in each series, the spacing of 
the lines in the successive triplets will be always the same. 

L 



lo'A- 


= 3i03O'64 - I223j8w- 


- 8374731M 


lo'A- 


= 31424*67 - IM328W- 


- 837473'" 


lO'A- 


= 31610-58 - laajaSm- 


- 837473'" 


io'\- 


= 31J26 - i203oom~ 


~ yjioooiH 


lo-^- 


= 31618 - ii030Ow(- 


- 3oiooo« 


IO"A- 


= 31806 - 1203QOWJ- 


- 301000W 
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In the spectrum of calcium, 36 lines out of 106 are accounted for ' 
by the formula — 

|io"A-' = 339I9-S' - 123547'""= - 961696'"- 

titsl series , . jio'*-' = 340W12 - iz3547w(-= - gfiiegem-' 

\ lo'x-' = 34073'8i - :i3547m-= ~ 961696^-' 

jioiA-' = 34ft4ri7- i2o398«-' - 346097m-' 

SetunU series . \ lo"*-' = 34146-95 - i20398ot~' — 346o97in-' 

I io"X-' = 34'99'09 - i20398/«-= - 346097m-' 

For strontium, Kayser and Runge find only one series, 

Lelimann has discovered a second series. The formulie are — 



Fits 



Second s: 



In the spectrum of barium, with 162 lines, Kayser and Runge dtdJ 

not succeed in finding any formula. \ 

In the spectrum of zinc, Kayser and Runge find two series oH 

triplets which can be represented by the formulre— 

I io*\-i = 4294S'32 ■- 13'64"""' - ii36"i*'-' 
First series . . io'a-' = 4333'7i - 131641"'"' - 1236125™"' 
|io'A-i ^ 43S2i'48 - I3i64(w-' - 1236125"'-' 
10V-' = 429S4'59 - ri69i9w-' - 632850"!-' 
Second series . jio'A-' = 43343'65 - 126919m-' — esiSsofl*-' 
(lo'A-' = 43533"32 - 126919m-' - 632850^-' 
These formulsfe account for 36 lines out of the 73 lines in the 
spectrum. The zinc spectrum shows an extraordinarily strong line 1 
at 2i38'3, of which Professor Crew remarks that it is "the most 
characteristic single line of the spectrum." This line, and several I 
other strong lines, are not accounted for by the formula, so that the 
whole spectrum is far from being reduced under any one law, as was 
the case with the simpler spectra of the metals of the alkalies. 
For cadmium the formdiE are — 

jio'A-' = 40755'2' - 138635™-' - 1289619™-' 

Fiisl series . . {lo'A"' = 4!9i4'6o — i2863S«-= — \i%efi\^m~^ 

= 4a456'64 - 128635™-= - 1289619™-' 

= 40797-12 - 126146™-= - sssia?-"-' 
= 41968-80 — 126146m-' — 555137™-' 

^ 42510-58 - 126146™-= - 5S5i37w~' 
These formulae account for 36 lines out of the 74 lines in the arc- 
spectrum of cadmium. We have again several strong lines un- 
accounted for, e.g. one at 2288-10. 

The spectrum of mercury appears to be more complicated than 
those of zinc and cadmium. Kayser and Runge account for 25 lines 
out of some 92 lines in the arc- spectrum by the following formulae; — 
= 40159-60 - 127484™-= - 1252695W-' 
= 44792'87 - i274*'4«"' - 125269S"'"' 
= 46560-78 — 127484«-' — I25a694»i-' 
lio'A-' = 40217-9S - 126361m-' — 613268m-' 
. '\a'k'^ = 44S5roi - ij636ini-' -613268™-' 
■ ^ 4661844 - 126361m-- - 613268™-' 
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In the mercury spectrum, as in those of cadmium and zinc, there 
are some strong lines not accounted for, in particular the strong line 
at 3536-72. The arrangement of lines in series in the spectra of 
~"pesium, calcium, strontium, ziiir, cadmium, and mercury is shown 




J the spectra of copper and silver, Kayser and Runge find that 
ines occur in pairs with a constant difference in oscillation 
sncy, as shown in Fig. 1 13. They find that there are in each 
Itwo series of pairs, for which the formula are, for copper — 
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First series . . 
Second scries . 


10"*.- 

v:fK- 


= 3i§4o-i - 


i3n50jw- 

II4809M- 

"4809"'" 


- 1085060m-* 1 
— 1085060™-' ■ 

- 440582™-' ■ 

- 440582«^* ■ 


and for silver — 








1 




Firat series . . 


lo'A.- 


= 3(617-0- 


I306atm 
I2378S«- 
«3788™- 


- 1093SZ3W-' 1 

- 1093823'"-' ■ 



These formul.'e only account for very few of the 
lines in the spectra of copper and silvi-r. 



l]i the spectra of the elements aluminium, indium, and ihallium, 
Kayser and Rimge find in each case two subordinate series of paira 
of lines. Their formula are, for aluminium — 

First scries f id**"' = 483oS'2 - 156662™-- - 350533IW ' 

I io'\-' = 48410-2 — is6662/n-= — 1505331W-' 

\ lo**.-' = 48356-5 - 117537™-' - 687819™-' 



= 44SI5'4 - I393<»"'~' - 1311033'"-' 
= 46728'6 — 139308W-- — 13110321W-' 
= 44535 'o - 126766///-= - 643584W-' 
- 46748-2 — I26766TO-' — 643584W-' 



= 41542-7 - I32293in-' - iz65223<«-' 
= 49337'6- 132293™ '- "65223™-" 
= 41506-4 — i226i7«-= — 790683m-' 
= 49301 '3 - iz26i7)«-=-79o683«-" 

For the spectra of tin, lead, arsenic, antimony, and bismuth, no 
formulK have been discovered, but eertam regularities have been 
noted. In the spectrum of tin the lines 3801-16, 3330'7i, 2850-72, 
2813-66, 2785-14, 2779-92, 2594-49. 257i'67, ZS24"0S. '495*8'^ 
2408-27, 2358-05 and 23i7*3i are repeated in the lines 3175'! 
2840-06, 3483-50, 2455'3o, 2433-53, 2429-58, 2286,79, 2269-03, 
2231-80, 2!09'78, 21411, 2100-9, 2068-7, that is to say, the firsl 
thirteen lines are respectively at the same distances from the si 
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First series 
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thirteen lines when reckoned on the scale of oscillation frequency, 
and again the first five of these ; the seventh, ninth, and eleventh 
occur again further on. In lead also ten lines are repeated with a 
constant difference, and eight of these are repeated again. The same 
occurs with eight Imes in the spectrum of arsenic, and in antimony a 
set of lines seems to be repeated no less than five times. 

Another subject of inquiry of much interest and importance is 
that of a possible connection between the spectra of allied elements. 
The study of chemistry leads us to associate certain elements as form- 
ing natural fomilies ; e,g. fluorine, chlorine, bromine, and iodine form 
a well-marked group, so also lidiium, sodium, potassium, rubidium, 
and cassium j calcium, strontium, and barium ; magnesium, zinc, and 
cadmium ; i^iosphorus, arsenic, and antimony, and so on. Mendele- 
jefPs periodic law is an attempt to connect the properties of the 
elements with their atomic weights — that is, of the smallest masses of 
the elements known to the chemist. 



Groups 
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1 

2 
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3 


4 


5 


6 

RH2 
or ROs 


7 


8 
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Scries 


RgO 

■ 
1 


RiOs 


RH4 
orkJs 


RH, 
R*05 


RH 
RjOt 

F 19 

35-50 

Mn 55 


**'**°* I Compounds 


I 

2 


iH 

Li? 


B«7 


Bix 


cZt 


4 He 

N14 

3xP 
V51 


0x6 

32 s 
052 

78 Se 
Mo 96 


Ne 20 


3 

4 


33 Na 
K39 

63 Cu 
RbSs 

i^ '07Ag; 
CS133 


24 Mg 

Ca4o 


.7A1 
SC44 

■ " 

69 Ga 
Yt89 


28 SI 

ri48 

7a-5Ge 
Zr9o 


A 40 

Fc 56. Co 59. Ni 59 


5 
6 


65 Zn 
Sr87 


7SA.s 
Nb94 


1 

80 Hr Kr 81 

— Ru 102. Rh X03. Pd 106 


7 

8 


iiaCd 
Bai37 


1 14 In 
La 138 

159Tb 
Vbi72 


118 Sn 
Cei4o 

1 


x3oSb 
Nd 1425 


W183 
U237 


126 I 


Te 126-6. X 128 


9 
10 


197 Au 


90oHg 

Raaas 


Tai82 
208 Bi 


Os 190. Ir 193. Pi 196 


II 

12 


204 Tl 



The arrangement of the elements according to the periodic law is 
shown in the above table, in which the elements are represented by 
their symbols, and the significance of the symbols and the most 
accurate determinations of the atomic weights are given in the follow- 
ing table : — 
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International Atomic Weights. 



Aluminium . Al 
Antimony . . Sb 
Argon ... A 
Arsenic . . . As 
Barium ... 6a 
Bismuth . . Bi 
Boron . . . B 
Bromine . . Br 
Cadmium . . Cd 
Caesium . . . Cs 
Calcium . . Ca 
Carbon . . . C 
Cerium . . . Ce 
Chlorine . . CI 
Chromium . . Cr 
Cobalt ... Co 
Columbium 

(Niobium) . Nb 
Copper . . . Cu 
Erbium . . ; £ 
Fluorine . . F 
Gadolinium . Gd 
Gallium . . Ga 
Germanium . Ge 
Glucinum 

(Beryllium) . Be 
Gold. . . . Au 
Helium . . . He 
Hydrogen . . H 
Indium ... In 
Iodine ... I 
Iridium . . . Ir 
Iron . . . . Fe 
Kr)rpton . . Kr 
Lanthanum . La 
Lead. . . . Pb 
Lithium ... Li 
Magnesium . Mg 
Manganese . . Mn 
Mercury . . Hg 



= x6. 
27*1 

I20'2 

39*9 
750 

137*4 
208-5 

II'O 

7996 

112*4 

133*0 

40*1 

1 2 00 
140*0 

35*45 
52*1 

590 

94*0 

6.v6 
i66'o 

19*0 
156*0 

70*0 

72-5 

91 
197*2 

4*o 

I -008 
II4'0 
126-85 
193*0 

55*9 
81*8 

138*9 

2o6*9 

7-03 
24*36 

55*0 
200*0 



H = x. 
26*9 

"9*3 
39*6 

74*4 

136*4 
206*9 

10*9 

79*36 
111*6 
132*0 

39*8 
11*91 

139*0 

35*i8 

51*7 

58*56 

93*3 
63*1 

164*8 

i8*9 

155*0 

69*5 
71*9 

9*03 

195*7 

4*0 

i*o 

1131 

125*90 

191*5 

§5*5 
81*2 

137*9 
205*36 

698 

24*18 

54*6 
198*5 



= 16. H = I. 

Molybdenum . Mo 96*0 95*3 

Neodymium. . Nd I43'6 I42'5 

Neon . . . . Ne 20*0 19*9 

Nickel . . . Ni 58*7 58.3 

Nitrogen . . . N 14*04 13*93 

Osmium . . . Os 191*0 189*6 

Oxygen . . . O 16*0 15*88 

Palladium . . Pd 106*5 105*7 

Phosphorus . . P 31*0 3077 

Platinum . . . Pt 194*8 193*3 

Potassium . . K 39*15 38*86 

Praseodymium . Pr 140*5 I39*4 

Radium . . . Ra 225*0 223*3 

Rhodium. . . Rh 103*0 102*2 

Rubidium . . Rb 85*4 84*8 

Ruthenium . . Ru 101 7 100*9 

Samarium . . Sm 150*0 148*9 

Scandium . . Sc 44*1 43*8 

Selenium. . . Se 79*2 78*6 

Silicon ... Si 28*4 28*2 

Silver, . . . Ag 107*93 107* 12 

Sodium . . . Na 23*05 22*88 

Strontium . . Sr 87*6 86*94 

Sulphur . . . S 3206 31*83 

Tantalum . . Ta i83'0 181 '6 

Tellurium . . Te 127*6 126*6 

Terbium . . . Tb i6o'o 158*8 

Thallium. . . Tl 204*1 202*6 

Thorium . . . Th 232*5 230*8 

Thulium . . . Tm 171*0 169*7 

Tin , . . . Sn 119*0 118 1 

Titanium . . Ti 48*1 47*7 

Tungsten. . . W 184*0 182*6 

Uranium . . . U 238*5 236*7 

Vanadium . . V 51*2 50*8 

Xenon ... X 128*0 127*0 

Ytterbium . . Yb 173*0 171*7 

Yttrium . . . Yt 89*0 88*3 

Zinc . . . . Zn 65*4 64*9 

Zirconium . . Zr 90*6 89*9 



Mitscherlich, so long ago as 1864, pointed out the similarity in 
the spectra of the chloride, bromide, and iodide of barium, and 
endeavoured to trace a connection with the molecular weights of these 
compounds. A comparison of the spectra of these compounds in Fig. 
16 shows that the iodide lines are nearer the red than the bromide 
lines, and that these again are nearer the red than the lines of the 
chloride, roughly according to the increase in the atomic weight. 
M. Lecoq de Boisbaudran, in 1869, called attention to the spectra of 
the metals of the alkalies and alkaline earths, remarking that the 
spectrum of caesium is like that of potassium shifted bodily towards 
the red. Hartley, in 1890, showed that three triplets in the spectrum 
of zinc corresponded with three triplets in the spectrum of cadmium, 
and that in each of these spectra the triplets have their lines equally 
spaced if mapped on the scale of oscillation frequency. Kayser and 
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Runge, in 1891, confirmed this statement, and pointed out many 
more triplets connected by the formula already given. They further 
call attention to the fact that the differences in oscillation frequency 
in the corresponding lines of the triplets increase with increase of 
atomic weight, and that they are nearly as the squares of the atomic 
weights. They also remark that in the spectra of potassium, 
rubidium, and caesium, the differences in oscillation frequency 
between the close pairs of the subordinate series are nearly pro- 
portional to the squares of the atomic weights. These relationships 
are most clearly exhibited by plotting squares of atomic weights as 
ordinates and oscillation frequencies as abscissae, that is, by making 
a diagram on squared paper (like Fig. 46), marking off a scale of 
oscillation frequencies on the bottom edge of the paper and a scale 
of squares of atomic weights along the left-hand edge, and marking 
down the positions of the lines of the spectra. Ramage, who has 
discussed these relationships in a paper communicated to the Royal 
Society {Proc. Roy, Soc,^ 1901), has given such a diagram. He 
points out that the lines connecting corresponding points are nearly 
straight in the case of potassium, rubidium, and caesium ; and that 
the straight lines drawn through corresponding members of doublets 
and triplets in such cases as those of zinc and cadmium intersect on 
the line of zero atomic weight. 

In cases where this law holds good we can, then, determine the 
atomic weight of an element from that of another, or from those of 
two others, if only we can be sure that the lines chosen are really 
homologous, or do really correspond to each other. Thus, for 
example, we may calculate the atomic weight of zinc from that of 
cadmium (11 2*4) by means of the corresponding triplets in the 
spectra of these two metals. The differences between the first and 
third lines of the triplets are as follows : — 



Cadmium. 


Zinc. 


3t 1713*0 


578-7 


4* 1701*3 


571*0 


4t 1711*2 


578-5 


5* 1699-3 


575-8 


5t 17130 


578-6 


6* 17040 


576-4 


6t 1713*2 


579'2 


7* 17047 


579*2 


7t 1664-9 


586-4 


8* 1639-4 


546-3 


8t 1700-5 


578-1 


We thus obtain the following 


values for the 


zinc : — 




3t 65-33 


6t 65-35 


4* 65-12 


7* 65-52 


4t 65-35 


7t 66-71 


5* 65-43 


8* 64-88 


5t 65-32 


8t 65-54 


6* 65-37 





the mean of which is 65*45. The accepted value is 65*4. 
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A similar relationship holds — ^though not so exactly — between 
the pairs of lines in the subordinate series in the spectra of sodium, 
potassium, rubidium, and caesium. The mean differences between 
the pairs are given by Kayser and Runge as follows : — 





Sodium. 


Potassium. 


Rubidium. 


Caesium. 


Differences . . 


. . 172 


568 


2344 


54SO 


Square roots . . 


. . 13*5 


238 


48-4 


73*8 



By multiplying these last numbers by 1706 we obtain the 
numbers — 

23*0 40*6 82*6 126 

Atomic weights . . . 23 05 39' 1 5 85*4 133 

If in the diagram drawn with atomic weights squared as ordinates, 
and oscillation frequencies as abscissae, we join the corresponding 
lines of the spectra of potassium, rubidium, and caesium, we see that 
these connecting lines are straight, or nearly so, and also that they 
are nearly parallel. If the lines are straight, we can calculate the 
atomic weight of one of three elements from those of the other two. 
For example, taking the convergence frequencies of the three 
elements mentioned (in the principal series) as being corresponding 
points, viz. 35085*9 for potassium, 33765*4 for rubidium, and 
31465*8 for caesium, we calculate from the atomic weight of 
potassium, 39*15, and that of caesium, 133, what must be the atomic 
weight of rubidium, and find 86*17 : the correct value is 85*4. 

Similar calculations can be made with calcium, strontium, and 
barium. The following lines in the arc-spectra lie on straight and 
nearly parallel lines : — 





Barium. 


Strontium. 


Calcium. 


(a) . 


. . 15387*0 (6r) 


193877 (10) 


2l6l6'6 (ift) 


{/>) ■ 


. . 178727 (4«) 


22061 'o (6) 


24390*0 (4«) 


k) ■ 


. 21951*2 (lor) 


26975 9 (6«) 


29735*8 (8«) 


W 


. . 22979*0 (8r) 


28176*9 (6«) 


30991*1 (4«) 


{') ■ 


, . 242CX)*7 (8r) 


29399*4 ( I «) 


32228*6 {in) 



Taking the atomic weights of calcium and strontium as 40* f and 
87*6, we calculate the atomic weight of barium on the assumption 
that the points assumed to correspond in the three spectra have 
some physical connection, and that they do actually lie upon straight 
lines. We thus get by calculation for the atomic weight of barium — 

From (a) 136*90 

(^) 136-97 
ic) 137*51 
(rtT) 138*06 

(^) 137-85 



Mean, 137*46 
The accepted value is 137*4. 
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Rydherg and Schuster's Rule. 

A relationship existing between the convergence frequencies of 
the principal series and of the subordinate series was noticed in- 
dependently by Professor Rydberg and by Professor Schuster. If 
we call the slowest vibration of a series the " fundamental " vibra- 
tion, />. the one for which the value of n in Kayser and Runge's 
formulae is 3, the convergence frequency of the principal series can 
be calculated — approximately, at least — from the fundamental vibra- 
tion and from the convergence frequency of the subordinate series. 
The convergence frequencies of the two subordinate series are nearly 
the same; in the case of lithium they are 285867 and 286667. If 
to the mean of these numbers, viz. 286267, we add the fundamental 
oscillation frequency 14907*1, we obtain 43533*8, which is nearly the 
value of the observed convergence frequency of the principal series, 
viz. 435847. The rule may conveniently be expressed thus : — 
CFp = CFg -f- OFy, where CFp means the convergence frequency of 
the principal series, CFg the mean convergence frequency of the 
subordinate series, and OF, the oscillation frequency of the funda- 
mental vibration. 

The following numbers for the metals of the alkalies show how 
far the law is accurate : — 

Lithium . 286267 + 14907*1 =43533'8 Observed CFp 435847 Difference 509 

Sodium . 24521'2-H 16968*8=41490*0 ,, 41536*8 ,, 468 

Potassium 22035*1 + 130167 = 35051*8 ,, 350^62 ,, 34*4 

Rubidium 21059*4+ 12691*0= 337504 „ 33763*5 » 131 

We cannot make the calculation in the case of caesium, because 
the fundamental vibration lies in the infra-red, where no lines had 
been observed in 1896 when this rule was enunciated ; but Professor 
Schuster ventured upon the prediction that infra-red lines of caesium 
would be found with wave-lengths 8908 and 8518*. possibly these 
are the lines since observed by Lehmann at 8949 9 and 8527*7. It 
will be noticed that the differences between the calculated and 
observed values decrease with increasing atomic weight. 

No principal series is known in the other elements, but calculat- 
ing from this rule we may form some idea as to whereabouts the 
principal series would terminate, and we find that in many cases it 
would lie far in the ultra-violet. Using the first lines of the triplets 
in magnesium, calcium, zinc, etc., we obtain the following approxi- 
mate values of the convergence frequency of the principal series : — 

Magnesium 59127 

Calcium 50268 

Zinc 63731 

Cadmium 60459 

Mercury 58530 

A consideration of these numbers seems to show that magnesium 
will not go with zinc, cadmium, and mercury, but that it fits in best 
with calcium, strontium, and barium ; and that lithium and sodium 
go together, but not with potassium, rubidium, and caesium. 
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We have seen that in the case of the metals of the alkalies, and 
in the case of zinc and cadmium, the distances apart of correspond- 
ing lines are nearly as the squares of the atomic weights. Biit this 
rule certainly does not hold universally. It may be, however, that 
in other groups of related elements the distances apart of the lines of 
a pair (or triplet) are proportional to the atomic weight raised to 
some other power than two exactly. Thus for copper and silver the 
power would be about 2*4765, for magnesium, calcium, strontium, 
and barium, 1*6214, and for aluminium, gallium, indium, and 
thallium, 2*1 127. 

Runge and Precht express this by plotting as ordinates the 
logarithms of the atomic weights, and the logarithms of distances 
apart as abscissae; then the points representing chemically related 
elements lie on the same straight line. This appears to be nearly 
(but again only nearly) true in many cases, and from this relationship 
we can obtain a formula for calculating the atomic weight from the 
separation of the lines of a pair (which we will call oc). 

Thus for the aluminium group we have the formula — the 
atomic weight is the number whose logarithm is the number we 
obtain by multiplying the logarithm of the separation by 0*47327 
and adding 0*47185 ; or we may write the formula — atomic weight 
= log~^ (0*47185 + 0*473327 log x). We thus obtain the following 
calculated values for the atomic weights : — 

Boron 10*83 instead of 1 1 

Aluminium .... 27*65 „ 27*1 

Gallium 71*23 „ 70*0 

Indium ii3'54 n 114*0 

Thallium 206*04 „ 204*1 

For the zinc and cadmium group the formula is — 

Atomic weight = log-* (0*54057 + 0*49285 log x) 

This gives — 

Beryllium 8*8 instead of 9*1 

Zinc 654 „ 65*4 

Cadmium 112*4 „ 112*4 

Mercury 222*5 „ 2oo*o 

For the magnesium calcium group the formula — 

Atomic weight = log-* (0*45705 + 0*57223 log x) 

gives — 

Beryllium 8*43 instead of 9*1 

Magnesium .... 23*89 ,, 24*36 

Calcium 40*58 ,, 40*1 

Strontium 87*56 „ 87*6 

For the copper silver group the formula — 

Atomic weight = log-* (0*83405 + 0*40378 log x) 

gives — 

Lithium 6*82 instead of 7*03 

Copper 63*6 „ 63*6 

Silver 107*93 »> 107*95 

Gold 196*7 ,» I97'2 

Mercury 206*2 „ 200*0 
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Mercury seems to fit in here better than with zinc and cadmium ; 
lithium is included by putting log jc = o on the supposition that the 
lines of lithium are doubles with an infinitesimal separation. 

For the metals of the alkalies the formula — 

Atomic weight = log-* (0*65284 + 0*53869 log x) 

gives — 

Sodium 20*82 instead of 23*05 

Potassium 39*62 „ 39* 15 

Rubidium 05*02 „ 85*4 

Caesium 133*94 ». i33*o 

Lithium would come out only 4*5. 

These results would seem to confirm our previous conclusion 
that lithium and sodium will not go with potassium, rubidium, and 
caesium; and that magnesium must be placed with calcium and 
strontium and not with zinc and cadmium. 



Effect of Variations in Pressure and in Density of tite 

exact Wave-iengtiis of Lines. 

A comparison of the accurately measured wave-lengths of the 
same lines, as observed in the solar spectrum, and as produced in 
the spark and arc, reveals in nearly every case a slight difference, 
the lines in the arc and spark having a slightly greater wave-length 
than their corresponding reversals in the solar spectrum. The 
difference is in most cases extremely small, but there can be no 
doubt of its reality, and the matter becomes one of importance in 
view of the use of the Fraunhofer lines as standards of wave-length. 
If we use a line in the spark- or arc-spectrum for the purpose 
of comparison, and as a standard to measure other lines by, it is 
most importairt to know if its wave-length differs, even in the smallest 
degree, from that of the same line seen as a Fraunhofer line ; and it 
may become necessary to look to the vacuum tube for lines of 
unalterable wave-length to serve as standards for the future. The 
following table showing the wave-lengths of some calcium lines in the 
arc, in the spark, and in the sun, will show the amount of difference 
which may exist : — 



In the sun. 


In the arc. 


In the spark 


3737*06 


373708 


3737*25 




3706*18 


370625 


3181*39 


3181*39 


3181-51 


3179*45 


3179*48 


3179-60 


3159*00 


315899 


3159*11 



It is clear, therefore, that the exact oscillation frequency (and 
consequently the wave-length) of a line depends upon the exact 
conditions under which the vibration takes place, an increase in 
density or an increase in pressure giving rise to slower vibrations, 
thus increasing the wave-length of the line. 

The papers by Sir William and Lady Huggins, reprinted in the 
Appendix, show how greatly the appearance of the spectrum may 
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be altered by changes in the amount of material present in the arc. 
An increase in the density of the vapour producing the lines in 
general increases their width : some broadening symmetrically, others 
more on the one side or the other, but generally most towards the 
red. Again, some lines easily hecome reversed ; others are reversed 
with difficulty or not at all. 

The effect of pressure upon the exact position of lines has been 
I)ut to the test of direct experiment by Humphreys, by producing the 
arc in an enclosed space, into which air was pumped so as 10 obtain 
high pressure up to ij, or 14 atmospheres. The result of these 
experiments was to show that increase of pressure in almost every 
case caused a shift of the line towards the red end of the spectrum, 
the amount of which was proportional to the increase of pressure 
and to the wave-length, but that the amount of shift was very different 
for different elements, and even different for different sets of lines in 
the spectrum of one and the same element ; thus in the alkalies the 
lines of the principal series and of the subordinate series are unequally 
shifted; these shifts (for equal wave-lengths) are to each other approxi- 
mately as I :,2 : 4 for the principal, first subordinate, and second 
subordinate series respectively. 

The calcium lines H and K are found to be affected by pressure 
only about half as much as the g calcium line at 4226'9 ; the metals 
cadmium and indium show the largest shift. The lines of banded 
spectra, such as those of cyanogen and of alumina, do not seem to 
be affected by pressure. The displacement of lines in the spark- 
spectrum towards the red is believed to be due to a high pressure in 
the metallic vapours thrown off from the electrodes with a high 
velocity in each discharge — a velocity estimated by Professor Schuster 
to be as high as zooo metres per second. To account for the 
displacement of the spark lines on the basis of the measurements of 
pressure in the arc just described, a pressure of from 24 to 30 
atmospheres must exist in the metallic vapours in the path of the 
spark. That a stream of sparks in a partially exhausted space does 
cause a sudden increase of pressure was shown directly by De la Rue 
and MUler so long ago as 1S79. 

The possibility of any difference between the wave-length of a 
line as produced in the arc, and that of the corresponding Fraunhofer 
line, was not taken into account by the late Professor Rowland in 
constructing his " Table of Standard Wave-lengths," which is given in 
the Appendix. Any such differences were supposed by him to be 
due to accidental movement of the apparatus when changing from 
the spectrum of the sun to that of the arc, and the wave-lengths of 
metallic lines read off on the " arc " photographs were corrected by 
means of the strong iron lines on the plate, so as to bring them into 
agreement with the measurements made in the solar spectrum. This 
is probably, in part, the explanation of certain differences between 
the numbers obtained for some bright cadmium and mercury lines by 
Messrs, Michelson and Fabry and Perot by the use of methods of 
interference not employing the concave grating, and Rowland's 
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measurements of the same lines. By counting the number of inter- 
ference frii^es in the length of the standard metre at the Bureau des 
Poids et Mesures in Paris, formed in the red cadmium line and also 
in the green and blue lines, Michelson has obtained results which are 
probably correct to a few imits in the thousandth place, and his result 
is thus more accurate than the best determination of wave-length 
made with any grating. Michelson's values for these three lines are 

6438*472, 5085*824, and 4799*911; whereas Rowland's values are 

6438-680, 5086*001, and 4800*097.* 

It would appear that the values given in Rowland's Table for the 

standard lines in the arc have been " corrected " in a manner which 

cannot now be followed. 

Messrs. Fabry and Perot have measured with their apparatus the 

wave-lengths of thirty-three solar lines. Their results are given in 

the following table, and Rowland's values for the same lines : — 



Fabry and Perot 


Rowland. 


Difference. 
0'2I9 


Ratio. 


6471-666 


6471-885 


I *0000338 


6408*027 


6408-231 


0*204 


321 


6335-346 


6335*550 


0*204 


328 


6322-700 


6322*912 


0*212 


327 


6230746 


6230*946 


0*200 


316 


6065-506 


6065*708 


0'202 


335 


6016*650 


6016*856 
5087-286 


0*206 


351 


5987*081 


0205 


349 


5934-666 


5934*883 


0*217 


362 


5862-368 


5862*580 


0-2I2 


365 


5763*004 


5763*215 


0'2II 


371 


5715095 


5715*309 


0*214 


373 


5506*794 


5507*000 


0206 


374 


5497536 


5497731 


0*195 


362 


5434*544 


5434*742 


0*198 


370 


5409*800 


5410*000 


0*200 


343 


5367*485 


5367*670 


0-185 


302 


5171-622 


5171*783 


o'i6i 


328 


5080-787 


5090-959 


0*172 


333 


4923*943 


4924*109 


o*i66 


350 


4859*758 


4859*934 


176 


340 


4783*449 


4783'6oi 


0*152 


349 


4643*483 


4643*645 
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If for any particular purpose it is important to have the true 
absolute wave-length of a line, then Rowland's numbers must be 
increased by from 0*15 to 0*2, but as in most work we want only 
relative values of the wave-lengths, the numbers of Rowland's Table 
given in the Appendix will still form the basis of reference. A com- 
parison of the "ratios" given in the table shows that the relative 

♦ M. Fabry points out {Astrophy steal Journal y xix. p. 117, March, 1904) that 
the green cadmium line measured by Michelson in a cadmium vacuum tube ivith 
electrodes is a close doublet, but that in the tube 7vithout electrodes used by Haniy 
{Co/nptes Rendus^ cxxx. p. 490, 1900), it appears as a triplet, and that these two 
observers have measured different lines. 
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values may be trusted to about o'oa, and when we require greater 
accuracy than this, it becomes necessary- to Uke into account variations 
due to pressure, density, and other conditions of the source of light. 
It seems to be even more important to have a generally accepted 
standard than to have great accuracy in the absolute values. 

We have seen that the spectrum of any particular metal is liable 
lo considerable variation, according to the mode of its production, 
the temperature, and pressure of the luminous gas, the quantity of 
material present, or the density of the luminous gas, etc. Fig. 20 
shows the different lengths of the lines of strontium, calcium, and 
aluminium in the arc-spectrum. It roust be dearly understood that 
the longest lines are not necessarily the strongest lines. For example, 
the magnesium line 4481 is strong but short in the spark, and is 
absent from the arc (see Fig. 1.^5); the blue lithium line at 46oa'4 
is strong hut short. In the sparlt-spectnim of lead, the line 4058 is 
one of the longest lines, but quite faint ; it is, however, the strongest 
line in the oxybydrogen flame-spectrum, and one of the strongest 
lines in the arc-spectrum, and the reader can easily find other 
examples. If instead of taking the spark between electrodes of the 
metal, we use electrodes of platinum moistened with solutions of salts 
of the metals, we have generally a smaller number of lines, and it is 
observed that it is the short lines which are missing 1 those which 
persist are not the brightest lines, but the longest. The same thing 
is observed in t«ing electrodes made of an alloy ; the spectrum of a 
metal present in very small quantity, perhaps only as an impurity, is 
reduced to one or two of the longest lines. Thus cadmium, as an 
impurity in other metals, will be detected by the presence of the line 
5086, the longest line in the spark-spectrum of cadmium. 

When lines are reversed, it is always the longest lines which are 
reversed first. The two aluminium lines between H and K, shown 
in Fig. 20, are the longest, but not the strongest, lines in the spark- 
spectrum. They are the only aluminium lines reversed in the sun. 

These observations show that the character of particular lines of 
a spectrum may be modified by the mere presence of other substances, 
without chemical action. The dilution of a gas with a large propor- 
tion of some other gas has the same effect as reducing the presstue, 
making the lines due to the first gas sharper, and, on the other hand, 
an increase in pressure or in quantity of material has the effect of 
expanding the lines. This may be easily observed with the spectrum 
of sodium in a Bunsen flame. In a mixture of gases, the molecules 
of any one gas come into collision with like molecules less frequently, 
and the effect is the same as if the gas were observed under conditions 
of reduced temperature or quantity of material. For further illustra- 
tion of these points the reader is referred to the interesting papere by 
Sir W. Huggins reprinted in the Appendix. 

When we compare together the spark and arc we see that in the 
middle of the spark we have only the longest lines, and at each pole, 
where the temperature is the highest and the density of the metallic 
k-apours the greatest, we have the short Imes, whereas in the middle 
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of the arc the density is greatest and the temperature highest. Con- 
sequently we get the long lines from the poles and the short lines 
from the centre of the arc. 

The method of long and short hnes cannot be used with the 
concave grating in consequence of its astigmatism — that is, that each 
point of the luminous object has for its image a line. The method 
is only available with prisms and plane gratings. 

It was observed by Kirchhoff and by Thalen that certain changes 
could be produced in spark-spectra by inserting a wet string in the 
circuit containing the Leyden jar and spark-gap, so as to increase its 
resistance, or by causing the spark discharge to pass through the 
coils of an electro-magnet, which increases its self-induction. 

The spark is a complicated phenomenon. When the difference of 
potential between the electrodes becomes great enough, there occurs 
a first brilliant flash, giving the air-spectrum ; then the space between 
the electrodes becomes filled with metallic vapour, through which a 
series of oscillatory discharges takes place, giving rise to the metallic 
spectrum. Schenck, studying the effect of introducing self-induction 
into the circuit upon the lines of the cadmium spark, finds three sets 
of lines which behave differently. One set of lines (C), extending only 
a short distance from the poles, disappeared on the introduction of 
self-induction ; they are none of them reversed, and they are absent 
from the arc-spectrum. The second set of lines (B) includes the rest 
of the " spark " lines — that is, lines absent from or weak in the arc- 
spectrum, though prominent in the spark-spectrum. Some of them 
extend right across the spark-gap, but they are only strong close to 
the poles. The effect of self-induction upon them is to cause them 
to shorten or disappear. The third set of lines (A) consists of the 
so-called arc-lines, including most of the lines which are common to 
both arc and spark. Some are extremely weak or absent in the 
spark, but strong in the arc. The effect of self-induction upon these 
lines is to make them approach more nearly to the condition in the 
arc. They extend right across the spark-gap with a self-induction 
which shortens the lines of group B close up to the poles, and are no 
doubt due to metallic vapour. The lines of groups A and B are due 
to the oscillatory discharge, the lines of group A, while partly due to 
the oscillations, are also caused by the metallic vapours filling up the 
gap, which retain their luminosity after the oscillations have ceased. 
By photographing with a revolving mirror, Schenck succeeded in 
showing that the " arc " lines in the spark persisted about twice as long 
as the " spark " lines, viz. about 0*00004 of a second. 



CHAPTER XII. 

ISANDSPECTRA.^SPECTRA OF COMPOUNDS. 

\Vk have seen that Ihfi spectra of the elements usually consist of 
lines, and that there are some spectra — hotli emission and absorption 
spectra — which appear to be due to compounds ; the diagrams of 
Fig. 1 6 show that the flame-spectra of the chlorides of barium, 
strontium, and calcium are complex, being made up partly of b 
due to the undecomposed chloride, partly to the oxide of the metal, 
with only one or two lines which can be traced to the metal itself. 
In Fig. a6 we have a band-spectrum and a line-spectrum of sulphui 
and we have many other examples. The spectra of " fluted bands," 
or " channelled spaces," when seen with small dispersion, 
generally made up of bands sharply defined on the one side and 
gradually fading away upon the other. When seen with greater dis- 
persion, each band is seen to be made up of a large number of very 
fine lines which come closer together as the sharp edge is 
proached. Of spectra in which the bands are sharp on the side 
towards the red (or least refracted side) and fade away towards the 
blue, we have examples in the spectrum of the Bunsen flame (the 
"Swan " spectrum), Fig. i6 (9), the nitrogen vacuum tube spectrum, 
Fig. 27 (i), the beautiful green band seen in the spectrum of burn- 
ing magnesium. Fig. 33 (3), at 8g, the bands of cyanogen, one d 
which is shown in the lower spectrum of Fig. gi opposite the 
number 78 of the scale. 

Band-spectra which show the opposite character, of sharp edges 
towards the violet and bands fading away towards the red, are mora 
common; we have examples in copper oxide, Fig. 17 (i), manganese 
oxide, Fig, 17 (4), sulphur. Fig. 26 (2), aluminium oxide, bismutb 
oxide, chromium chloride, copper chloride, gold chloride, lead oxide, 
and the terrestrial bands in the solar spectrum due to oxygen and 
water vapour. Figs. 56 and 57, the absorption spectra of bromine, 
iodine vapour, iodine monochloride, and nitrogen peroxide. 

It seems reasonable to suppose that band-spectra are due to 
more complex molecules than line-spectra. We know that stilphui 
vapour al a low temperature has a higher specific gravity than when 
it is raised to a much higher temperature, and that consequently at 
the low temperature the molecule is more complex, and also that at 
very high temperatures the molecules of iodine vapour become 
dissociated, 
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Many attempts have been made to discover some law of the dis- 
tribution of the lines which' make up these band-spectra. That there 
is some law miderlying the arrangement no one who studies such 
photographs as those of the Fraunhofer groups A and B in Figs. 56 
and 57 can possibly doubt In the same way as the lines of one of 
Kayser and Runge's series approach closer and closer together up 
to the convergence frequency, so the lines of a band seem to get 
closer and closer together till they combine to form the bright edge 
of the band. Deslandres has proposed a formula of the form 
X"^ = A + B»i*, where m has in succession the values o, i, 2, 3, 4, 5, 
etc., and Kayser and.Runge have found such a law verified in their 
measurements of the lines of the cyanogen spectrum forming the 
bands begiiming at 4606*3, 4216*1, and 3883*5 (see Fig. 51). 

Thiele * has undertaken a very laborious research with the object 
of finding a satisfactory formula, and adopts X = /[(« + cf\^ where 
f is the same for any series ("the phase"), and « has the values 
h 2, 3, 4j 5> etc. / is some function of (11 + cfy and if n be given 
successively all real integral values will have a maximum value at 
X =y(0), where the lines imite to form an edge, or "head," and a 
minimum value at \ =/( oc ), where there should be a crowding of 
lines together to form a " tail." 

Professor Thiele has tested his formula on the brightest band of 
the " Swan " spectrum, that shown at 76 in Fig. 16 (9), with " heads " 
at 5165*3, 5129*4, 5100 (?), 5067, and 5050, and regards the corre- 
spondence between calculated and observed values as satisfactory. 
Professor King t by long exposure on an arc between poles of pure 
carbon has discovered some new cyanogen bands at 34657 and 
3203*8, which appear to be really the " tails " corresponding to the 
heads at 3883*55 and 3590*52 respectively. 

The history of the " Swan " spectrum is interesting. It was first 
observed by WoUaston in 1802, but first described by Swan in 1857, 
and was considered by him to be due to a hydrocarbon. Pliicker 
and Hittorf give a fine coloured representation of it in the Philo- 
sophical Transactions of 1865. Attfield came to the conclusion 
that the spectrum was that of carbon, since it was common to com- 
pounds of carbon with hydrogen, nitrogen, oxygen, and sulphur. 

Morren undertook experiments to prove that Attfield was wrong, 
but became convinced that he was right. Morren particularly 
describes the brilliant spectrum produced by burning cyanogen with 
oxygen. Dibbits arrived at the same conclusion. In answer to the 
objection raised that carbon in the state of vapour could not exist in 
the flame of a candle or that of a Bunsen burner, Dibbits argues that 
carbon exists in combination with hydrogen in the gas which is burnt, 
and after the combustion that carbon is in combination with oxygen, 
and during the chemical change it may have existed as uncombined 
carbon ; a flame of carbonic oxide does not show the spectmm 
because the carbon was already combined with oxygen. 

In the case of cyanogen the carbon is at first combined with 

♦ AstrophysUal Journal^ vi. p. 65 (1897). f /^'/V/., xiv. p. 322 (1901). 
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nitrogen, and after the combustion it is combined with oxygen, and 
so the same explanation applies. This spectrum is obtainable not 
only from flames but also by means of the spark in different gases 
containing carbon, either at atmospheric pressure or under reduced 
pressure in vacuum tubes. Thus it is given by the spark discharge ii 
cyanogen, carbonic oxide, naphthalin, carbon disulphide, carbon 
tetrachloride, olefiant-gas, coal-gas, benzene, chloroform, aniline, 
ethylene dibromide, ethyl bromide, etc. These substances have 
only carbon in common, and unless the experiments are vitiated by 
impurities, the conclusion is irresistible that the spectrum in question 
is due to carbon itself, and not to any compound of carbon. 
187s a paper by Angstrom and Thal^n was published. In which they 
maintained that the spectrum was due to a hydrocarbon. They- 
seem to have been led to this conclusion by the resemblance of the 
spectrum to the spectra of metallic oxides. Their theory was adopted 
and maintained by Professors Liveing and Dewar, who observed the 
electric arc between carbon poles in various gases, such as air, 
hydrogen, nitrogen, chlorine, carbonic oxide, nitric oxide, and 
ammonia. They found the Swan spectrum well seen in the arc ii 
hydrogen, but less strong when the arc was taken in chlorine or 
nitrogen, but it seemed to h& present whatever the atmosphere. They 
account for this by the difficulty of completely removing all traces of 
hydrogen from the carbon electrodes. 

Lockyer, observing the electric discharge in the vapour of carbon 
letra-chloride, found that it gave the Swan, spectrum brightly, 
although there was no sign of the hydrogen lines, Liveing and 
Dewar found that the Swan spectrum was always to be seen in 
spark between electrodes close together in the saturated vapour 
freed from moisture and air. Professors Liveing and Dewar, later 
on, and in consequence of their own further experiments, abandoned 
the view that the Swan spectrum depended upon the presenci 
hydrogen. The temperature of the arc is supposed to be about 
3500' C, and Moissan has shown that carbon is distinctly volatile at 
that temperature. The flame of cyanogen in oxygen is the hottest 
flame known (except perhaps the flame of cyanogen in nitric oxide), 
and is far above 3500°, and Liveing and Dewar admit that carbon 
vapour may exist in a cyanogen flame. 

Those who attribute the Swan spectrum to carbon, after having 
had to contend against the hypothesis that it is due to a compound 
with hydrogen — an hypothesis abandoned by the very chemists who 
supported it so strongly ^now find themselves called upon to' 
contend against a new theory advanced by Professor Smilhells (on 
the suggestion of the late Sir G. G. Stokes), that the spectrum under 
discussion is due to a compound of carbon and oxygen. Professor 
Smithells has, with much skill, constructed a defence of his position, 
based for the most part upon a study of the phenomena of flames. 
He seeks to set aside the natural conclusion to be drawn from the 
repeated observations of the Swan spectrum in carbon compounda 
not containing oxygen, by the suggestion that it is impossible to fi 
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these substances from impurities, water, etc., containing oxygen. 
He is " distrustful of conclusions based upon the supposed purity of 
the substances submitted to examination in highly exhausted Pliicker 
tubes. The difficulty of removing films of air or moisture from glass, 
the occlusion of gases by electrodes, the oxidizing character of glass 
itself, all form well-recognized difficulties quite apart from the purely 
chemical difficulties in obtaining pure materials," and in this distrust 
all spectroscopists will share. It is true that sometimes in vacuum 
tubes the brightest part of the spectrum may be due to some 
substance present in very small quantity, as, for example, mercury in 
any tube exhausted by means of a mercury pump, but it would seem 
that the circumstances are altogether different when the spark is taken 
in gases at ordinary pressure, and still more so in the spark taken 
ill liquids. 

To assume that in these cases the spectrum seen is always due 
to the substance present in the smallest quantity seems a rather 
extreme hypothesis, and the number of carbon compounds which do 
not contain oxygen (or which ought not to contain oxygen), and which 
still give the Swan spectrum more brightly than anything else, is so 
large, that the conclusion naturally to be drawn from this accumula- 
tion of evidence will seem to most people to be that first drawn by 
Attfield. 

Some recent unpublished observations by the author on the spark 
in liquids seem to him to confirm the conclusion. Most of these 
liquids offer so much resistance to the passage of the spark that it is 
only possible to employ a very minute spark ; but when platinum 
electrodes, only a fraction of a millimetre apart, are used, there is no 
difficulty in obtaining a spectrum, the discharge being attended by 
rapid decomposition with separation (in most cases) of carbon, so 
that there is sometimes only a very brief time in which the spectrum 
can be seen. 

Thus the spark in chloroform (the purest that could be obtained) 
rapidly decomposes it with separation of solid carbon and evolu- 
tion of torrents of hydrochloric acid. The carbon so rapidly 
obscured the spectrum that it was found better to arrange a con- 
tinuous flow of fresh chloroform, which carried the carbon with it. 
The electrodes were heated red-hot inside the liquid before the 
observation was made, but although the experiment was made many 
times, nothing but a brilliant Swan spectrum was ever observed. 
The same spectrum was obtained from the spark in the following 
liquids, in each case as pure as could be obtained : — benzene, 
naphthalene, aniline, ethylene dibromide, ethyl bromide. In these 
cases we see the decomposition of the liquid into carbon and some- 
thing else going on all the time, and it seems impossible to resist the 
conclusion that the spectrum which they all give is that of the only 
element common to all, that is, carbon. 

By the Swan spectrum in these experiments is meant the 
spectrum shown in Fig. 16 (9), but in certain cases, more particularly 
when cyanogen is used, or when the arc is taken in air or nitrogen, 
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certain other bands appear which are generally admitted to be due 
to a compound of carbon and nitrogen. These are — in the visible 
spectrum — a band of seven edges from 4600 to 4500, which we will 
call f, a band of six edges from 4216 to 4158, which we will call 0, a 
band of four edges from 3884 to 3855, which we will call t, and in the 
ultra-violet other bands observable in photographs at 3590*5, 3361. 
An interesting experiment which shows the dependence of some of 
these bands on the presence of nitrogen may be made by taking a 
very short spark in liquid absolute alcohol. This yields the Swan 
spectrum brilliantly, but the groups I and are not seen. On adding 
a little strong ammonia the group comes out very bright and also 
{ less brilliantly. 

There are two other spectra given by carbon compounds under 
certain circumstances. One of these is generally admitted to be the 
spectrum of an oxide of carbon. It is given by a vacuum tube con- 
taining carbon monoxide, carbon dioxide, olefiant-gas, coal-gas, or 
benzene, if no special precautions are taken to exclude oxygen. It 
consists of about six bands at about 6060, 5610, 5198, 4837, 4509, 
and 4395. A vacuum tube filled with purified benzene, and containing 
pieces of bright metallic sodium, showed this spectrum at first, but 
after heating the sodium the spectrum had completely disappeared, 
and the tube showed the spectrum of hydrogen. On introducing a 
little oxygen into the tube, by heating a fragment of potassium 
chlorate wrapped up in platinum foil w^hich had been previously 
introduced into the tube, this spectrum of carbon oxide at once 
comes out. 

The third spectrum is produced by the spark with jar in carbon 
monoxide or carbon dioxide at the ordinary pressure. It is not 
unlike the spectrum of air shown in Fig. 1 7 (9), but the lines are quite 
different. The chief features of the spectrum are a double red line 
close to the red hydrogen line, a double green line at 5152 and 5145, 
and a strong broad line in the violet at 4267, besides some lines in 
the ultra-violet This spectrum is, no doubt, the line spectrum of 
carbon. 

Since the Swan spectrum and the spectrum of cyanogen have 
been observed in comets and in some stars, the question of their 
chemical parentage becomes one of cosmical importance. 



CHAPTER XIII. 

THE SPECTROHELIOGRAPH'ELECrRO-MAGXETIC THEORY OF 

LIGHT, — THE '' ZEEM AN EFFECT'' 

An important achievement of recent years is the taking of photo- 
graphs of the Sun's disc at any time by means of the monochromatic 
light of any given substance, e,g, of calcium or of hydrogen. This is 
accomplished by means of the spectroheliograph. This instrument, 
the invention of Professor Hale of the Yerkes Observatory, was first 
used at the Kenwood Observatory in 1891, with a 12-inch equatorial 
refractor, but a much larger instrument has been made for the great 
40-inch telescope of the Yerkes Observatory, which gives an image of 
the Sun seven inches in diameter, and with this instrument Professor 
Hale now photographs the Sun, with all its spots and faculai and 
surrounded by all its prominences, in a few minutes at any time, 
whereas formerly we had to wait for the rare occurrence of a total 
eclipse in order to see or to study the prominences. Other instru- 
ments of the kind are those of M. Deslandres at the Observatory of 
Meudon, of Dr. Kempf at the Potsdam Observatory, and at the South 
Kensington Observatory under the charge of Sir Norman Lockyer, 
and other important observatories will shortly be supplied with 
similar instruments. The principle of the method may be explained 
thus : — Across the image of the Sun formed by the telescope a slit is 
made to travel at a uniform rate by means of an electric motor, and 
an image of the light passing through this slit is formed by a spectro- 
scope and thrown on a photographic plate, in front of which a second 
slit is made to travel at the same rate as the first, being driven by the 
same motor. If we suppose the first slit to be illuminated by mono- 
chromatic light, then in passing through the spectroscope it would 
suffer no deviation, we should simply get an image of the first slit on 
the plate ; and if the second slit is adjusted in the right position, we 
should get a photograph of the Sim's disc taken in successive slices. 
Of course, the first image is not monochromatic, but the spectroscope 
sends all the light not of the exact wave-length for which the instru- 
ment is adjusted elsewhere than through the second slit, and it is not 
admitted to the plate. If the adjustment has been made for the H 
or K line, we obtain a photograph of the incandescent calcium 
vapour forming part of the Sun's surface, and so for any other 
substance or line which is selected. 
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The ordinary visual spectrum of tlie faculiu shows the H and K 
hands reversed hy a thin bright line running down the centre of each, 
'I'his indicates the presence at a high level of calcium vapour at a 
higher temperature than that of the reversing layer below. 

Kig, 1 24 shows the spec tro heliograph of the Yerkes telescopCj 
and Fig. i jg is a copy of a photograph of a sun-spot made by meanE 
of it. 

In Fig. 121 we have a photograph showing the hands and 
widened lines in the spectrum of a sun-spot ; the most conspicuous 
group in Fig. i is the "little h" group, as may be seen by i 
curai>anson of this photograph "'ifh Fip. 51. 



I 




In February, 1894, a most remarkable disturbance of the usual 
conditions of the Sun's reversing layer was recorded accidentally in 
a series of photographs reproduced in Fig. iz6, in which the broad 
shading of the H and K lines usually attributed to calcium actually 
disappeared for a short time. In photograjih No. i the dark strealt- 
is the spectrum of a spot, in which the H and K lines may be 
to be reversed on the spot-band. A few moments later the spectrum 
had changed to that shown in No. 2, the broad shading of H and K 
has almost disappeared, the spot-streak is very faint in their neigh- 
bourhood, there are two very conspicuous bright lines at 3884*64 
and 3896'2i, and there are other changes. After a very short time 
the spectrum had returned to its normal condition, as shown in 



Elfcfm-mngnetic Tluoty i>f Light. 167 

No. ^. .Such an exlraordinary change iuvolves an area of ihc Sun's 
surface round ihe spot of a diameter of one-dghlh of the Sun's 
iliaraeler, and there does not appear to be any record of any similar 



Electro-magnetic Theory of Liglit—ttie •' Zeeman Effect." 

Light is now known to be closely connected with electricity and 
magnetism. The first experimental observation of such a connec- 
lion was made by Faraday so long ago as 1845, when he showed 
[iiat a cube of a certain heavy glass (lead borate) when placed 
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between the poks of a powerful electro-magnet and examined by 
means of polarized light sent through it, rotated the plane of 
polarization of ihe light when the magnet was excited, the direction 
of the rotation being the same as the direction of the electric current 
which esciled the magnetism.* 

According to the electro-magnetic theory of light of Clerk 
Maxwell, put forward in 1867, the waves of light are not due simply 
to mechanical vibrations of the ether, but depend upon electrical and 
magnetic vibrations at right angles to each other, and at right angles 
to the direction of propagation of the light-wave. Faraday's experi- 
ment of the rotation of the plane of polarization in a transparent 

" It is woilhy of record ihat Faraday tliQufiht il possible lhn.1 the bright lines of 
a speetnim might be affecled by a magnclic field, and in the last esperinienlal 
uch that he made he tried ihe elfecl on the soiliiim iiiies in a flame placed 
□ the poles of an eleclro- magnet, but without observing any uhange. 
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(liamagnetic medium implies the molecular rotation of thi; ether. 
Plane polari/ed light may be resolved into two components of 
circularly [wbrized light, one rotating with, the other against the 
ether. If the diamagnetic medium ahsorbs only one wave-length, 
thus producing a single dark line, then when the magnetic field is 
excited the absorption of the one component will he of a wave- 
length greater, and of the other component of a wave-lengtli less, than 
if the magnetic field did not exist. The dark line thus becomes 
split up into two. This is known as the '\Zeeman effect," as first 
observed by Professor Zeeman in 1 896. To observe these effects very 
powerful magnetic fields are necessary, and also a spectroscope of 
great dispersion. The most efllident form of spectroscope is the 
" echelon " grating, to be presently described. The appearance of 
the lines will be different according as they are seen in the direction 
of the lines of force, or at right angles to them. Since the effect of 
the magnetic field is an acceleration in the one direction, and a 
retardation in the other, round the lines of force, when viewed in the 
direction of the lines of force the result will be that the two com- 
ponents are circularly polarized in opposite directions, and if they 
then pass through a quarter-wave plate to convert them into plane, 
polarized light, and then through a Nicol's prism, the spectroscope: 
will show a displacement in the issuing light on turning on ttie 
current. The direction of rotation of the accelerated componoit is 
the same as that of the magnetizing current, because in the magnetic 
field the molecules are rotated round the lines of force in this 
direction. If light consists in the motion of electrically charged 
particles about a position of equilibrium, their motion can be resolved 
into three components, one in the direction of the lines of force, and 
two others at right angles to the lines of force, and these last can be 
resolved either into right-handed or left-handed rotations. The 
magnetic field acts only on these last, and according to the direction 
of their motion and the nature of the charge, whether positive or 
negative, they are pressed towards or drawn from the position of 
equilihrium, and there results either an increase or decrease 
oscillation frequency. The observation that the accelerated cc 
ponent has the same direction of rotation as the magnetizing current 
leads to the conclusion that the particles are negatively charged, 
At right angles to the lines of force the edges of the bands are plane 
polarized, the plane of polarization being parallel to the lines of 
force, since the vibrations are at right angles to the lines of force. 
Zeeman concludes that, seen at right angles to the lines of force, a 
line in the spectrum should be resolved into a triplet, the central 
component of the triplet corresponding to vibrations in the s2me 
direction as the hnes of force, while the two outer components cc 
spond to the vibrations at right angles to the lines of force, and be' 
actually observed this to happen with the sodium D lines, in 1896.' 
Zeeman, in 1898, observed that the splitting up of the different lines 
in the same spectrum is very different in the same magnetic field. 
In the zinc spectrum the components of the lines marked t are 
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widely separated, whilst those of the lines marked * are hardly per- 
ceptibly divided. 

Upon further examination it appeared that the phenomena were 

more complicated than at first supposed. Michelson showed that 

the middle component of the triplet into which any spectral line 

becomes resolved in a magnetic field was itself a symmetrical triplet, 

that the relative intensity of the components varies for different 

substances and for different lines of the same substance, so that the 

appearance may be that of a single line, a double line, or a triplet ; 

the outer lines are unsymmetrical, but symmetrically placed with 

respect to the central line ; their intensities vary so that the outer 

groups may present the appearance of single, double, or multiple lines. 

In the sodium spectrum the least refrangible of the yellow lines is 

split up into four components, and the most refrangible line into six 

components ; in the first case the central line of the normal triplet 

becomes doubled, and in the second case each line of the triplet 

becomes doubled. 

Still more complicated effects have been observed in the spectra 

of mercury, zinc, cadmium, magnesium, etc. It is a most interesting 

fact that the homologous lines of related elements whose wave-lengths 

can be calculated from the formulae of Kayser and Runge seem, 

generally, to be affected in the same way by the magnetic field, and 

that in the same spectrum the lines of the first subordinate series are 

affected differently from those of the second subordinate series. The 

different behaviour of some lines of mercury is shown in Fig. 127, 

reproduced by the kind permission of Professors Runge and Paschen. 

The line 5461*0 is seen to be resolved into nine lines, of which the 

three in the centre are polarized in one plane, and the outer six are 

polarized in a plane at right angles to the first three. This is the 

first line of the triplet in the second subordinate series for which 

«= 3. The second line of this triplet, 4358*6, is resolved into four 

lines; the line 4046*8 is not one of the series lines, it is resolved 

simply into three lines. 

Preston has observed that the separation of the components bears 
the same ratio to the square of the wave-length in the corresponding 
series-lines in the same element, and that this remains the same for 
corresponding lines in the homologous spectra of allied elements. 

The pairs of lines in copper and silver show the same behaviour 
as the two sodium D lines, except that it is the line of less wave- 
length which is split up into four like Di, and the other line of the 
pair which is split up into six like Dg. 

The wave-lengths of the components of Di are 5898*01, 5897*09, 
5895'26, and 5894*28 in a certain ficld,'and the components of Do in 
the same field, 5892*55, 5891*54, 5890*66, 5889*72, 588876, and 
5887*91. 

In the case of the mercury line, 5461, shown in Fig. 127 in a 
field of about 24600 C.G.S. units, the components had the wave- 
lengths 5461*61, 546r45» 5461-29, 5461-13, 5460*97, 5460*8 r, 
5460*65, 5460*48, and 5460*32. There appears to be no splitting up 
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of the bands of mercury or of those of nitrogen or of cyanogen in 
the magnetic field. 

Professor Lorentz has given a theory which goes far towards 
explaining the Zeeman effect. He assumes that in the luminous gas 
minute electrically charged particles of definite mass and charge are 
present, and that the vibrations of the light emitted are determined 
by the vibrations of these particles. The assumption that every 
molecule of a source of light contains one such electron vibrating 
about a position of equilibrium, and always driven back to that 
jxjsition by a force proportional to the displacement, leads to 
the conclusion that a single line will be tripled by the action of a 
magnetic field if viewed at right angles to the lines of force, and 
will be doubled if viewed along the lines of force, and further, 
that the components will be polarized in the manner observed. 
Professor Zeeman gives the following account of the theory : — 
" Imagine an observer looking at a flame placed in a magnetic field 
in a direction such that the lines of force run towards or from him. 
Let us suppose that the observer could see the actual ions as they 
are revolving ; then the following will be remarked : There are some 
ions moving in circles and hence emitting circularly polarized light ; 
if the motion is round in the positive direction, the period will be 
longer than with no magnetic field; if in the negative direction, 
shorter. There will also be ions seemingly stationary and really 
moving parallel to the lines of force with unaltered period. In the 
third place there are ions which seem to move in slowly rotating 
elliptical orbits." 

But this original theory of Lorentz does not account for the 
more complicated phenomena which have since been observed, and 
in a later paper Lorentz modifies the theory by substituting for the 
single electron a system of electrically charged particles having more 
than three degrees of freedom, viz. as many as the components 
observed in the magnetic field. 



CHAPTER XIV. 

THE MICHELSON ECHELON DIFFRACTION GRATING. 

The echelon diffraction grating was the result of endeavours on 
the part of its inventor to obtain means of higher resolution of 
the spectrum than were at the time available. Trains of prisms 
have, of course, long been superseded where high resolving power 
was desired, recourse being had to ruled diffraction gratings, of 
which those ruled on Professor Rowland's engine hold a monopoly of 
the field. 

The resolving power of a spectroscope must be clearly distin- 
guished from its dispersion. The latter is a measure of the angular 
separation produced between two given monochromatic rays, while 
the former is a measure of the number of monochromatic rays 
which it is possible to distinguish as separate between two given 
monochromatic rays, and is the really important criterion of the 
power of the instrument. For it must be remembered that the 
image produced by a telescope— the termination of every spectro- 
scope — is not the indefinitely thin line given by the construction 
of geometrical optics, but one of appreciable breadth, shading off to 
darkness on each side. The smaller the aperture of the telescope 
(as limited either by the diameter of its own object glass or by the 
width of the beam of light from the prism or grating system) the 
broader do the lines become. If then the wave-lengths of two rays 
differ by so little that these lines overlap with a particular aperture, 
an increase of aperture alone, provided it be sufficiently great, is 
sufficient to separate these rays. 

The resolving power of a grating can then be indefinitely 
increased by ruling lines over a wider area without alteration in 
the number of lines to the millimetre, for the effective aperture 
being increased the spectral lines become finer and hence separable. 
The resolving power is in fact proportional to the length of ruling — 
that is, to the travel of the grating plate during the cutting. 

Unfortunately the difficulties of cutting accurate gratings increase 
very rapidly as the length of ruling increases, so that gratings with 
5 or 6-inch ruled surfaces are the biggest that can be obtained, and 
even these are very difficult to get. 

There is another way of getting higher resolving power. The 
resolving power is given by the product m «, where m is the order 
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of spectram observed and n the number of elements of which the 
grating is composed — the number of divisions, that is, in the case 
of ruled gratings. 

With the ordinary form of grating the intensity rapidly diminishes 
as the order is raised ; but if a grating could be constructed to throw 
most of the light in one of the high orders the desired object would 
be attained. 

The device which was first suggested by Michelson to obtain this 
result was as follows : — 

Let a number of plates of silvered glass of equal thickness, /, be 
superposed, each projecting beyond the last by an equal amount in 
such a manner as to form a series of steps, as shown in Fig. 1 28. 

If then a beam of " parallel " light be incident in the direction 
of the arrows, it will be reflected from the successive steps, and the 
reflected beam will consist of a number of beams reflected from the first, 
second, third, etc., plates, whose retardations behind that reflected 
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Fig. 128. — Reflection echelon. 



from the first plate will be o, /, 2/, 3/, etc. They will, in fact, be in 
the requisite relation to produce, when brought to a focus by a lens, 
diffraction spectra of the light source. 

If / be taken equal to 10 mm. the orders of spectra observed 
would be in the neighbourhood of the 34,000th, so that five plates 
would give a resolving power greater than that of a lo-inch grating 
in the first order. 

It is, however, unnecessary to go into the analytical expressions 
for this form, as it has not yet been found possible to manufacture 
it. The accuracy required in the parallelism of the plates in order 
for the grating to jjerform in accordance with the theoretical expres- 
sions of its capabilities would be such, for one of ten plates, that no 
differences in thickness should exist among the different plates so 
great as one-twentieth of a wave-length of light, that is, so great as one- 
millionth of an inch. This, in itself, is not outside the limits of pos- 
sible accuracy ; it is, in fact, reached in some of the echelons made by 
Mr. Hilger. But the plates must lie on each other in perfect contact 
—no gap existing between even the extreme edges of successive 
plates of as much as the quantity stated above, and this is the 
difficulty which has not yet been surmounted. 

The form which has been manufactured with success, and which 
is now well known as the echelon grating, is Professor Michelson's 
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modification of his original idea, an account of which he published 
in the A strophysical Journal for June, 1898, and subsequently in the 
Journal de Physiqiu^ 3rd series, tome viii., 1899. 

It is from these sources that the following analytical investigations 
are taken. 

The arrangement, which is illustrated in Fig. 129, consists, like that 
described above, of plates of parallel glass of equal thickness super- 
posed in step form ; but the glass is not silvered, and the beam of 
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Fig. 129. — Transmission echelon. 
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Fig. 130. 

light passes through the mass, emerging at the exposed surfaces of 
the plates. 

The beam of parallel light is produced by a collimator, and the 
light is received in a telescope. 

The beams emerging from the various apertures will then be 
relatively retarded by successively equal amounts, and will produce 
spectra by interference in much the same way as in the case of the 
reflection form in Fig. 128. 
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Theory of the Echelon. 

Suppose a beam of " parallel " homogeneous light be incident 
normal to the plates. 

Let / = thickness of the plates {b c^ Fig. 130). 
s = width of the steps {a d, Fig. 130). 
X = wave-length of the light under consideration, 
ft = refractive index of the glass for light of wave-length X. 
/// = retardation in terms of X between rays emerging at an 
angle of diffraction $ from corresponding points (such 
as a and ^, Fig. 130) of successive elements. 
// = number of elements. 
Then (see Fig. 130) — 

mk = fjJ '~ ad 

= fjj -^ t cos + s sin $ 

Since the values of $ which are of interest are very small, this 
may be written — 

(i) f/iX = (/x - i) / + ^J 



Differentiating with respect to X, ;// constant, and rearranging the 
terms — 

dO, 

d\ 



s\ d\) 



or, substituting for m its approximate value (/i — i)- 

A 

("> ■^' = A^"'>"^^x]' • • {dispersion) 

The value of the co-efficient b can be found for any wave-length 
from the optical constants for the glass used (it is between 0*5 and 
ro for most glasses), and the equation (2) will then give the angular 
dispersion d$i between two homogeneous radiations whose wave- 
lei^[ths differ by a small amount dX. 

Differentiating (i) with respect to ///, X constant, and rearranging 
the terms — 

dO X 

dpi "■ s 

Putting dm = i, and representing the corresponding change in 
by dtij then — 

(3/ d0.i=- . . . (separation of spectra) 

Equation (3) gives the angular separation between two successive 
orders of spectra. 

N 
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Let d% represent the angular limit of resolution of the echelon, 
i,e, the angular separation of two spectral lines when they are 
just distinguishable as separate in the eyepiece of the telescope. 
By the well-known rule (see Lord Rayleigh on Wave Theory, 
" Encyclopaedia Britannica ") — 

V4y 3 — effective aperture of telescope object-glass 

_X dO^ 

^ ns'~ n 

Let dX^ be the difference of wave-length corresponding to the 
angle dO^, 

Then from (2) — 

dO^^bt 

dX-i sX. 

or, substituting — for d6,i and rearranging terms — 

(4a) ~ =z y—T ' • ' {limit of resolution) 

dki in the above represents the difference of wave-length corre- 
sponding to the angle dO.^^ i.e. the difference of wave-lengths of the 

closest separable pair of homogeneous rays ; and the ratio -^ is 

hence the resolving power of the echelon. This is, it will be seen, 
proportional to the total thickness of glass traversed, and for a given 
wave-length is independent of the thickness of plates or width of step. 
The brilliancy of any line seen with the echelon depends not only 
on the intrinsic intensity of the radiation, but also on the angle of 
diffraction, 0, The co-efificient which depends on ^, and which may 
be called the intensity of illumination, is — 



(5) 1 = 



sm TTyB 

TT-rO 



Application of the Foregoing Expressions to an 

Actual Case, 

The echelon whose performance will be investigated is one made 
by Mr. Hilger for Dr. Hauswaldt, of Magdeburg; the quantities being 
as follows : — 

Thickness of plates, / = about 10 mm. 
Width of steps, s = 1 mm. 
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Refractive index of the glass — 

/ic = 1-5706 
/x„ = 1-5746 
fi, = 1-5845 

/^6i = 1-5927 
Whence -^ for wave-length 5890 (D) = — 719 x io~^, X 

being in io~^^ metres. 

Number of elements, « = 21. 

(It is to be noted that when a clear aperture of i mm. is left 
beyond the width of the largest plate, the number of apertures 
operative in the formation of the spectrum is one more than the 
number of plates. It is this number of apertures which is denoted 
by «.) 

The Dispersion. 
From (2), p. 177 — 

^=^,where^=(,x-i)-X^ 

Substituting for ft, X, and --^, their values for D, 

^o = 0-575 + 0-042 
= 0-617 

dB 
Hence -^r-* = 0-00105 in the region of D. 

Putting dk = o'l, dOi = 0-000x05 radian, 
or o*37 minute of arc. 

This being, then, the dispersion between two rays which differ in 

o 

wave-length by one-tenth of an Angstrom unit. 

The Separation of Successive Orders of Spectra. 

From (3), p. 177, the angular separation of successive orders, de- 
noted by dO^y = - 

Hence for D — 

dO^ = 5*89 X I o""^ radians, 
or 2 minutes of arc. 

The successive orders are, then, very close together, and an 
auxiliary spectroscope is necessary for preliminary analysis of the 
light ; only a very restricted portion of the spectrum under observation 
being thrown on the slit of the echelon spectroscope. 
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fourteen plates constructed for the Unit'ersity of Vienna. The largest 
plate of glass rests on an optically worked metal plate in which the 
aperture is cut, and the plates are clamped by steel rods with mill- 
head nuts. The plates are cleaned with the most scrupulous care, 
and when clamped in the above manner they make optical contact 
over the greater part of their surfaces. 

By this means the great loss of light noticed by Professor Michelson 
{who did not clamp the plates of his echelons) is obviated to a 
surprising degree, and the more recently made echelons are 
remarkable for their brilliancy ; while experience shows that, contrary 
to expectation, judicious clamping does not cause the slightest loss of 
definition. The smaller sizes of echelon can be adapted to almost 
any form of spectroscope, but owing to its peculiarity of being always 
used at direct vision, a special form becomes more convenient. 

Such an echelon spectroscope, designed for a twenty-plate or 
larger echelon, is shown in Fig. 135 in conjunction with a special 




form of auxiliary spectroscope (known as the " Constant Deviation 
Spectroscope") which presents many advantages for the purpose, 
the chief of which is that neither collimator nor telescope is ever 
moved. Arrangements are provided by means of rods and bevet 
gear for the various adjustments that have to be made, such as the 
passing through the spectrum by rotation of the prism of the 
auxiliary' spectroscope, the opening and shutting of the slit, 
the rotation of the echelon to get the line under observation into 
any desired position, and the moving of the echelon out of the field 

hints on the Use of the Echelon. 

It is well worth while spending a little time in carefully setting 
up the apparatus in the first instance, care being specially taken that 
the whole of the fchelon is operative. To do this one should proceed 
as follows ;— 
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Set the echelon and auxiliary spectroscopes up end to end as 
shown in Fig. 133, with the axis of each horizontal and at exactly 
the same height from the table. The eyepiece should, of course, 
be removed from the auxiliary spectroscope, and the distance from 
the end of its telescope tube to the focus of the telescope object 
glass being carefully measured beforehand, the auxiliary spectro- 
scope should be put at such a distance from the slit of the echelon 
spectroscope as to bring the spectral lines to a focus on the slit. Set 
the telescope of the auxiliary and the collimator of the echelon 
spectroscope in one line as nearly as can be judged by the eye. Now 
put a sodium flame in front of the auxiliary slit, and turn the prism of 
the auxiliary spectroscope until D comes on to the " echelon " slit. 
Then on looking through the echelon spectroscope with the eye- 
piece removed, the object glasses should appear equally illuminated 
all over, except, perhaps, two slight black strips right and left, which, 
if present, should be perfectly symmetrical. When this is the case 
(and the setting is not right until it is so) the apparatus is ready. 

If now the slit of the auxiliary spectroscope be closed to a con- 
venient width and that of the echelon spectroscope be opened wide, 
the spectrum of any light placed in front of the slit of the auxiliary 
spectroscope will be seen in the eyepiece of the viewing telescope. 
Any particular line that it is desired to examine must then be got 
on to the fixed jaw of the slit, the slit closed to exclude all other 
lines, and the echelon introduced. Supposing the radiation to be 
homogeneous within the limit of resolution of the echelon, the 
following possible conditions may be observed in the eyepiece : — 

1. There may be one bright single line visible, together with a 
series of very faint lines gradually diminishing in intensity as the 
distance from the central line is increased. This is the condition 
in which the two neighbouring orders to right and left are absent 
(see Fig. 131). 

2. There may be two lines of equal intensity, which are 
successive orders of one and the same line, also with a series of 
very faint lines diminishing in intensity towards the edge of the 
field. 

3. There may be any number of conditions intermediate between 
these two, with two lines visible, but of unequal brilliancy, and the 
series of very faint lines as before. The series of lines to right and 
left will not be found to interfere with the use of the instrument in 
the slightest degree — there are two points right and left which are 
always dark and which enclose a space equal to twice the separation 
of successive orders (see p. i8t). It is on this region that the attention 
should be concentrated. 

By a slight rotation of the echelon about a vertical axis any of 
the conditions above mentioned can be attained — indeed, one can 
pass a large number of orders through the field one after the other. 
There is one position of the echelon, however, at which, during 
rotation, the lines reverse the direction of their motion in much the 
same way as the lines in a prism spectrum when the prism is rotated 
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through the position of minimum deviation. This is when the echelon 
plates are normal to the incident light, and this position, or near it, 
is the best to work at. 



Uses of the Echelon. 

As will be seen by reference to p. 179, the range of spectrum which 
can be observed at one time is very small ; but with suitable means 
(see pp. 181 and 182) the passing from one line to another becomes 
very rapid and convenient. The purpose, then, for which the 
echelon is peculiarly suited is the analysis of minute details of 
structure or of variation of spectral lines. Such are, the determina- 
tion of the effect of pressure on the nature of the radiations emitted 
by glowing gases, etc., the effect of motion of the light source relative 
to the spectroscope, and above all the observation of the interesting 
phenomenon known as the " Zeeman Effect." 

It may be of interest to note the magnitude of these various 
effects in one or two cases. 

The difference between the velocities of two opposite points on 
the sun's equator is 4 kilometres per second, and this produces a 

o 

relative shift of the spectral lines of 0*075 A.U. As in the grating 

O 00 

investigated above a shift of 0*003 A.U. would be perceptible, it 
seems probable that the echelon may form a valuable tool in the 
hands of astronomers. 

The displacements towards the red end of the spectrum, due to 
a pressure of eleven atmospheres in various lines, have been given 
by Humphreys (from experiments made in Rowland's laboratory 
with the 6-inch reflection grating ; see the Astrophysical JourncU^ 
October, 1897, p 169). The greatest among those observed vary 

o 

from o'o2 to 0*50 A.U. 

In the case of the Zeeman effect, with fields of about 30,000 
C.G.S. units, the separation of the components is of the order of 

o 

I'o A.U. 

In conclusion it may be remarked that there is no difficulty in 
constructing echelons with plates considerably thicker than 10 mm. 
(Professor Michelson, in fact, made them with 20 mm. plates), and 
thus increasing the resolving power, should this be desired. 
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Table of Standard Wave-lengths (in air at 20" C.and 760 mm.). 

[See Explanatory Note, p. 206.] 

Rowland: " Astronomy " and "Astro-Physics,'* 1893, xii. 321. 
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13040-7 
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13117-6 
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13309-7 
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13,396-5 
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1349-2-5 
13528-7 
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13659-7 
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13745-3 
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* Single line at the beginning of the tail of A. f Beginning of head of A, outside edge. 

Note. — Unless otherwise stated, all wave-lengths are upon Rowland's scale in air 
of about flo^ C. and 760 mm. pressure. All oscillation frequencies are in vacuo. 
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7 




13 




6065-708 




., 


16481-6 


Fe . . 








5 






9 




6056-232 


M 


« J 


16507-4 


Fe . . 








4 






8 




6042-316 


1-64 


5 ) 


16545-4 


Fe . . 








4 






7 




6027-265 


n 


)? 


16586-8 


Fe . . 








6 






8 




6024-280 


n 


)) 


J 6595-0 


Mn . 






10 


6 


^ 




6 




6022-017 


n 


n 


16601-2 


Fc . . 








5 
3 


}IV. 




6 




6020-347 


>5 


5> 


16605-8 


Mn . 






10 


6 


^ 


1 8 




6016-856 


55 


•J 


16615-5 


Mn . 






la 


6 






6 




6013-717 


?J 


;j 


16624-1 


Fe . . 








6 






(i 




6008-782 


?? 


M 


16637-8 



* First line of first pair in the tail of a. 

f Chief line in the a group, a very close double. 

X A difficult double. 
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Table of Standard Wave-lengths— £:^///i»««/. 





Intensity 








Reduction 


o 




and 


Weight. 


Wavc'lengths. 


to 






character. 








vacuo. 


*:' U O 


F.ltf^mAnt. 




Kind of j 
standard. ' 


— 


— . . 






:Sg8 


A^I^IU^AAV* 








•§g.^ 




In 


In 


In 


In 


In arc ' In sun 


X+ 






arc. sun. 
4 


arc. 
I. 


stin. 


(«). 1 (*). 


1-64 


1 


Fe . . . 


3 


6008-196 


4-5 


16689*4 


Fe . . . 


6 


I. 


7 


6008-245 


1-63 „ 


16668-2 


Fe . . 


6 


I. 


7 


5987-286 


?' 


>j 


16697-6 


Fe . . . 


G 


I. 


6 


5985-044 


n 1 >> 


16708-8 


wv . . . 


2 


IV. 


1 


5977-254 


„ „ ! 16726-6 


Fe . . 


5 


III. 


13 


, 5977-005 


>> 


>> 


16726-2 


Fe . . . 


4 


J. 


12 




5976«676 


)) 


>> 


16730-3 


Fe . . . 




5 


I. 


12 




6966-925 


1-62 4-6 


16782-6 


Si . . . 


. 6 


J. 


14 




5948-761 


n )) 


16805-6 


Fe . . 


6 


J. 


13 


' 5934-883 


»> >> 


16844-9 


Fe . . 


6 


I. 


14 


' 5930-410 


>> 




16857-6 


wv . . 


6 


1. 


12 




5919-866 


1-61 




16887-7 


Fe . . 


5 


I. 


16 




5916-475 


>> 




16897-4 


V wv . . 
Fe . . 


5 
4 


}'• 


17 


5914-384 


>» 




16903-3 


Fe . . 


' ^ 


J. 


15 


1 5905-895 


>> 




16927-6 


Fe 1 . 
wv J . 




I 
.6 


1 IV. 


13 


5901-681 


j> 




16989-7 


Fe? 1 . . 


1 1 


1 ^^'' 


10 


' 5898-395 


1} 




16949-2 


wv j 


o 






1 








[DilN . 




10 


I. i 


20 


! 5896-154 


»• 




16965-6 


Ni*. . 


\ 3" 


4 


HI. 


14 




5898-098 


>> 




16964-4 


[DalNa. 


i 15 


11. 


20 




6890-182 


1-60 „ 


16972-8 


w . . . 




3 


IV. 


8 




6889-864 


n > n 


16978-7 


w . . . 
Fe . . 




4 
G 


}IV. 


11 




5884-048 


n n 


16990-5 


[D3]II . 
Fe . . 


! 1 


^ 






5876-982 


» n 


17013-8 


6 


I. 


16 


j 5862-680 


}} 1 )) 


17052-7 


Fe . . 


(J 


1. 


15 


1 5869-810 


n 1 n 


17060-8 


Ca . . 


. 10 7 


II. 


14 


5867-672 


>» 




17067-0 


Ba . . 


. 10 5 


I. 


14 


6853-903 


1-69 




17077-9 


Ni . . 


a 3 


IF. 


6 


5831-832 


»> 


4-7 


17142-6 


Fe . . 


f ^ 


IV. 


14 




5816-594 


>> 




17187-5 


Fe . . 




6 


I. 


14 




6809-437 


n 




17208-7 


Fe . . 


'' i 5 


I. ' 


7 




6806-964 


n 




17216-0 


Ni . . 


. 7 ^ 


1. 


8 




5806-448 


1-68 




17220-6 


Fe . . 


■' 6 


r. 


9 




6798-400 


>> 




17241-4 


V . . 


4 


1. 


10 




6798-087 


)} 




17242-4 


Fe 1 

Cr/- • 
Cr . . 


. 10 7 


I. 


16 




6791-207 


n 




17262-8 


7 ■ 5 


r. 


13 


: 5788-136 


n 




17272-0 


Cr . . . 


(> 4 


1. 


9 




6784-081 


1) 




17284-1 


CuV Co? . 


, 7 


I. 


9 




6782-846 


>> 




17289-3 


Fe . . 


5 


I. 


9 




5776-304 


1-67 




17810-4 


Si. . . 


' 6 


I. 


6 




5772-360 


1} 




17819-2 


Fe . . . 


7 


IV. 


8 


\ 6763-216 


}) 




17846-7 


Ni/ • • 
Fe . . 


5 


I. 


9 




6764-884 


n 




17871-8 


i 5 


I- 


10 




6763-342 


n 




17876-6 


Fe . . . 


4 


I. ' 


10 




5762-267 


)) 


r, ; 17879-8 


Fe . . . 


3 


III. 


10 ' 


5742-066 


»> 


„ 17410-6 


Fe . . . 




5 • 


J. 


10 




5731-973 


1-66 




17441-8 



An exceedingly close double. 
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Iiuuiiy 










■nd 




W««hl. 


Wivc-lci>gilit. 












Elemtnl. 




Kind Of 
standBnl. 


























In la 




Idhiu 




uc. 


BM. 




utj™. 


C-). 


M- 


Hi 1 . 


3 
5 


}l 


1. 


1 




57l5-3(» 


w ■ 






M. HI. 




6711-374 


£>7II-31H 


Ki . 




6 




1 III. 
fill. 


8 




oTUg-TSO 


Fe . 












&T09-eii; 


Si . 












4 




b-<tS-63U 


Pe . 




4 








8 




57l)l-70M 


Sk . 








I. 








u688-4a4 


•&% . 




a 




I. 








uC82't<G] 


Fe . 




2 




I. 








5(J79-24!i 


■K . 




it 




HI. 








nr.ia-Gis 


re . 








r. 






1 ,WS2'74J 


Tt? 
















Fe . 




2 




II. 


!' 


! MM-TW 


Si . 








III. 




!l 


1 bdu-sai 


Fe . 














1 6641-UCl 


Fe . 




2 








5 


, 6634- lli7 


Fe-Va 




6,2 








14 




Fe . 




2 








12 


riG2i-2&3 


Fe . 




8 




II. 




10 


i XU,-»7V 


Fb . 
Fe] 




2 




II. 




10 


\ 5G15-0*i 




6 




!"■ 




lu 


1 5eu3.i|.i7 


FeJ 




2 




f 








C . 




6 




M.l. 




5001-iioa t^m-ivt 


Ct 






7 




II. 




bba8-7i2 


56118-71. > 


Fe 






3 




II. 




6fia8-6e3 


6698-u5,i 


C> 










M.II1. 






5i>[l4-681l 




Ca 






5 




H.I. 






55B0-35a 


5f.90-34-J 


Ca 






lOr 




H. I. 




B 


658S-S77 


ajHg-98U 


Ci 






fi 




M.I. 






b^i-iU-l 


56«a-lBo 


F« 






5 




I. 








6576-S19 


Fe 






e 




1. 








6569-848 


Ft 










11. 








5555' 1 18 


Fe 






3 




I. 




y 




RaU-lii 


Fe 
Fe 






^ 




1. 
I. 








5543'418 
5535-073 


Mb 










I. 


4 




b!,iS-eT2 


6528-63(1 


c> 










III. 






5513'l-i7 


6513-207 


Fe 






fi 




1. 








fiu07-0IPU 


Fe 






5 




1. 










l" 










I. 








5437-731 


Jo 






2 




II. 




5 




.'i487-yG8 


Hi 










1. 








5477-128 


Fe 






3 




I. 








046li-(iOS 


Fo 
Fe 






3 




1. 

1. 




i(j 




546S-493 
5463-174 






':■ :; I 



18133-45 
18153-K 
18171-2 



8252-7 
18287-y 
18298-3 
1829U-4 



* Not recommeaded oi 
t Fe s6o3'i8o-l 
Ca 5603-080 \ 

of the bond.like line. 



side. Tlic solar 



le corresponds lo the ed^e 
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Table of Standard Wave-lengths — continued. 



Element. 



Ni 
Fc 



J 



) 



Fe 

Fc* 

Fc 

Fe 

Va 

Va 

Fc 

Cr 

Fc 

Fc 

Fe 

Fe 

Fe 

Fe 

Fe-Cr 1 1 

Ni 

Fe 

Fe . , 

y 

Fe (Co)' 
V 

Fe-Ni 
Th + 
Ca . 
FeV 
Fc . 
CoV 

Fe? 

Fc . 

Cr . 

Cr . 

Fc . 

Fc . 

Fe . 

Co . 

Cr . 



} 



Fe 



} 



Fc 
Fe \ 

Eg Fc • 



/ 



Intensity | 

and 
character. 



In 


In 


arc. 


sun. 


3 


I 


G 


G 




3 


7 


7 


i) 


G 


5 
3 


}' 


4 
4 


}• 


lOr 


5 


7 




7 




•1 





3 


4 


<; 


G 


2 


3 


i», 2 


7 


2 


2 


4 


6 


4 


6 


? 


3 


1,3 


1 




2 


3, 3 


4 


75 




7 


5 


3 


4 


1) 


8 


2 


3 




G 




1 


3 


4 


2 


3 


Gr 


4 


2 


2 


i> 


6 


4 


a 


3 


1 


r> 


2 


• 


2 


3 


3 


() 




3 


3 


6 


4 


10 


4 


8 


8 



Kind of 
standard. 



} 



II. 
III. 
II. 
III. 
I. 
I. 

I. 

I. 

I. 
I. 
I. 
I. 
I. 
I. 
I. 

IV. 



I. 

I. 

IV. 
III. 
III. 
IV. 
M. 
M. HI. 

II. 

I. 

111. 
111. 
III. 

I. 

I. 

1. 

I. 

I. 

I. 



} 



I. 



I. 

II. 

I. 
M. HI. 

I. 
M. III. 

I. 









Reduction 


Weight. 


Wave-lengths. 


to 




In arc 


In sun 


vacuo. 


In 


In 


1-49 


I 


arc. 


sun. 
7 


(«). 


ih). 


A ~ 






5462-732 


5-0 




1 




5455-826 


>> 


>j 




8 




5455-759 


>> 


)) 




1 




5455-666 


>j 


)} 


1 


9 


5447-116 


5447-130 


j» 


)) 


1 


» 


6434-725 


5434-742 


1-48 


)} 




10 




5424-284 


>> 


n 




12 




5415-421 


»> 


>» 




7 




5410-000 


»> 


») 


1 


14 


6406-979 


5405-987 


}) 


?} 


1 


12 


5397-319 


5397-346 


1-47 


5-1 




11 




6393-378 


}) 


jj 




11 




5389-683 


)) 


)) 




11 




5383-676 


>> 


)) 




9 




6879-776 


n 


55 




8 




6371-686 


»» 






8 




5370-165 


)) 


)) 




8 




5367-670 


>> 


)J 




1 




5363-056 


1-46 


)) 




5 




5363-011 


}) 


55 








6361-813 


)} 


5) 




8 




6368-592 


)) 


55 


2 




5350-G70 




)) 


55 


1 


4 


5349-599 


5349-623 


)) 


>> 




9 




6333-092 


>> 


55 




8 




6324-373 


1-45 


55 




1 




5316-960 


)) 


55 




7 1 


5316-870 


)) 


15 




1 1 


5316-790 


>> 


55 




10 




6307-546 


}) 


55 




9 




5300-918 


)) 


5-2 




12 




6296-873 


)) 


)) 




12 




6288-708 


1-44 


1) 




11 




6283-803 


M 


)) 




11 




5281-968 


»» 


55 




11 




5276-206 


»> 


55 




8 




5273-564 


n 


)) 




5 




6273-443 


)) 


i} 




6 




5273-844 


)i 


II 




3 




6270-688 


}) 


55 




12 




5270-495 


}} 


1) 


2 


3 


5270-445 


5270-448 


)) 


1) 


1 


IG 


5269-714 


5269-722 


n 


»i 



c 
o 



o 



C 9 

V Si 



^ 



18300-9 

18324-0 

18324-3 

18324-6 

18353-36 

18395-16 

18430-6 

18460-8 

18479-3 

18493-06 

18622-56 

18536-2 

18548-9 

18569-9 

18583-0 

18G11-0 

18616-3 

18625-0 

18641-0 

18641-1 

18645-3 

18673-9 

18684-1 

18G87-86 

18746-7 

18776-4 

18802-7 

18803-0 

18808-2 

18836-0 

18859-5 

18878-9 

18908-0 

18920-6 

18927-1 

18947-8 

18967-3 

18967-7 

18968-1 

18968-2 

18968-8 

18968-56 

18971-16 



* A difficult double. 

t The red component, a difficult double. 



. . . X A difficult triplet. 

§ 1474 is a triplet, or rather a double, the red component of which has a weak side- 
line to the violet ; probably the violet component is due to iron, and the weak' line to 
cobalt, but the red is unknown. 
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Crl 



MMg 



syj 



11 






01G7-6B1 ; 5107-(;m6 



c the first line of the first bead of the green carbon band. 



1 «<■.■)- 4 
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Intsniity 










Keducil™ 










Weight. 


W.ve- 


nKthi, 






Elemeut. 


ehiuaclrr. 


Kind of 








lacuo. 


■-Ii 




































i^t 




^ 


In 




^ 


^. 


'w 


c*r 


A + 


i' 


0£ 


Fel . . 






f I'^- 




2 




5148-106 


1-41 


5-B 


19438-2 


^ 








J IV. 








5148-042 






194S8-4 


NiJ 








I IV. 








61 42-967 






19138-7 


Fb . 












a 




5141'gi6 






18442-7 


p.> 




1 J-, 




f 111. 

III. 




4 




6ISg-64fi 
5139-639 


';; 




194&1-7 


'■'.,, 








I III. 




4 




5139-437 






19452-1 


i':y- 


! \ 




M: 




12 




6183-871 


1-40 


„ 


19473-3 








9 




6127-530 






18497-a 


Co . 




\ « 












5126-B69 






19501-7 


NiJ 
Ni . 




1 3 




},v. 




y 




6121-797 






19618-1 




1 5 






a 




6115-668 




5-4 


19542'B 


ly. 




1 


> "■ 




11 




5110-570 


„ 


„ 


19661-9 








u 




5109-825 








Fe (Cm) 














6105-718 






18580-6 


Fe . . 










7 




6097-176 


1-89 




196I3-S 


Fe . 
















6090-959 






19697-8 


Cd . 










1 




6086-001 








19656-4 


Fc . 












S 




508a-£36 






19666-0 


Fe . 












H 




6068-946 






18722-a 


Ti . 








11. 








5064-838 






197S8-8 


Fe . 








11. 








5080-252 


i-»e 




19756-5 


Fb . 












13 




6050-008 






1979fl-6 










w'. 


a 




E041-8<iT 


5041-796 






19838-60 


Nil' 








}"■ 

11. 




8 




5086-113 




"^ 


19851-S 










8 




6020-210 


1-B7 


6-5 


19914-0 


Nibola . 


MO 




|m. 11. 




HI 


6014-^12 


6014-422 


„ 


„ 


19937-5* 






BI. 


3 


10 


500T-«3 








19964-6 












6007-05 








198G6-8 


Ti} 




]l)r 




};■ 




10 




6007-481 






19064-8 


Fe . 












8 




600«-303 






19969-8 


Fe . 








ii'. 








5005-904 






19970-9 


PL . 








M. 






6005-G84 








19972-0 


Ti-L» 


i|!"r 


\ 


M.ni. 




8 


4399-668 


4099-693 






199S5-7ft 


Fb . 


■ a 










4964-318 






30017-a 


Ti . 




10 




111. 


1 


10 


49gl'8!<3 


4981-915 


1-36 




20067-1* 




i 


\ ij'"" 




h 




4980-362 






20078-4 


•} 




3 






8 




4978-782 






20079-7 


Fe . 
Ti . 




f 


}■! : 


10 




4978-274 






20101-0 


Nebul;. 








4359'02 








20169-8 


F? . 




; K M. IV. , 






4957-788 






20164-8 


Fe . 




1 


G 


H. IV. 




3 




4067-488 


i; 




20166-0 



ol the bead of Mg band. 
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Table of Stahdakd Wave-lbkcths — coniiautd. 





iDtensbr 










ReducumI 


Elanul. 




Kind of 


Wajht. 


W»« 


englh^ 


™"; 


'if 
















-1 ^^ 




m. 


^. 




In 


In 


(-r 


[*"" 


*** 











— 









--, 


' — 


B«*. . 


6U 


7 


U. III. 


1 


"10 


4934-237 


4934-247 


1-35 


■6 20260-96 


Fe . 






2 






12 




41124-955 




, 20299-2 


Fe . 




, 2 




if. 








4924-109 




, 20302-6 


Fe . 




» 




M. 1. 




7 


4920-676 






, 20316-86 


Fe . 
















4919-183 




, -20323 -0 


Pb . 




1 




M. 






4905-684 




1-34 


, 20379-1 


Fel 




1 5 
2 




>;.. 




'* 




4903-408 










2 




11 




4900-306 




, 20401-3 


Ti . 






2 


11. 




a 




4900-098 




, 20402-1 


Fe . 




















,_ -20440-3 


t?» 






15 


11. 




5 




4861-496 


1-33 








a 


1. 








4S59-934 




, ■20570-K 


Fe?. 








I. 




11 




4824-325 


1-32 


, 207-22-11 


Uq . 






s 


M. I. 




12 


4823-715 


4823-697 




, 20725-3^ 


Zd . 




1 


3 


H. I. 






4810-725 


6810-7-28 






l\ 




i ' 


4 
1 


}iy. 




3 




4805-253 




, 208O4-8 








* M. 


3 




4800-0117 




t-31 


, 20827-2 


Hd . 






6 


M.I. 


I 




4783-607 


4783-601 


., ■> 


8 20898-96 


Mn . 




1 15r 




I. 








4754-22*1 


1-30 


, 21028-1 


Fe 1 




i ^ 


a 


}m. 




11 




4727-628 


1-29 


, 21146-5 


Zn'. 




1 4^ 




^M.I. 


2 




4722-J39 


4722-349 




, 21170-16 


Ni . 






C" 


H. III. 






4714-5118 


4714-599 




,_ 21204-96 


Ni . 




! » 




]. 








4703-980 






Mg 




: Ei 


9 


I. 




11 




4703-180 




, i 21256-3* 


Fe) 




1 » 
1 a 


4 

4 


>'.r 




u 

14 




1691 -58[ 
41W0-324 


1-28 


, 21308-9 
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♦ First line in first head of cyanogen band (f^). 

f First line in second head of cyanogen band (^). % Cobalt line measured. 

§ Seven or eight lines, the brightest and most of the others due to Fe. 
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Rrd component of double ; llie violet componeni is due to Fe. 

Solar line doubly rcvetsed. J Red componeni of triplet. 

I'jlK'^ of firsi hciid of cyanogen band (/). 

I'irst line of first head of cyanogen band (i|. 

S'lrund head of cyanogen band (i). " One of the lines in cyanc^;en hnnd. 
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f Violet component of double. 
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♦ These lines form a series of triplets, the oscillation frequency of which can be 
calculated from the formula lo*? = a - bn~^ - cn~^, in which a = 40755 21 for the 

first line, 41914*60 for the second, and 42456'64 for the third line, b — 128635, c = 
1 289619. 

t These lines form a series of triplets for which a =40797*12 for the first line, 
41968*80 for the second, and 42510*58 lor the third ; b = 126146, c = 555137. 
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The lines marked 4 * 5 * form a series of pairs, the oscillation frequency of which 
can be calculated from the formula 10"- = a - bn-^ - en-*, where a = 31591*6 for 

the JirstMne and 31840*1 for the second line, b = 131150, c = 1085060. For the lines 
marked f. <* = 31591*6 or 31840'!, b = 124809, c = 440582. 
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The oscillation frequencies (in air) of the pairs marked * can be calculated from 
the formula io*j- = a - hnr^ — cnr^, where a — 44515-4 for theyfrj/ line and 46728*6 

for the second line of the pair, h — 139308, c =■ 131103-2 ; and for the pairs marked +, 
a = 44535 'o for the /Irsi line «ind 46748 '2 for the second line of the pair, b = 12676*6, 
c = 64358-4. The 6gure preceding the sign * or f shows the value of «. 
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The lines marked • and f form a series of triplets of which the oscillation frequency 

in air can be calcttlated (very nearly) from the formula io»2 — a - hi-- - <rn~*, when 

for the triplets marked *, a = 39796*10 for thej!rs^ line, 39836-79 for the secofid, and 
39857-00 for the third line of the triplet, b = 130398, c = 1432090 ; and in the triplets 
marked t> tf = 39836-74 for ihe first line, 39877-95 for the secomf, and 39897*91 for the 
third line of the triplet, b = 12^71, c = 518781. The figure preceding the sign ♦ or t 
shows the vahie of n. 
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The lines marked * form a series of triplets for which in the formula io»jj 

= <7 - ^» -•-<:«-*, rt = 40159*60 for ^t first line, 44792-87 for the second, and 
465i5o-7i8 for the third, h - 127484, c = iasa69S- 

For the triplets marked f. tf =40217-98 or 448si'oi or 46618-44, ^= 126361, 

c = 61326^. 
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NITROGEN. 
Spark-spectrum or Elementary Line Spectrum. 





Intensity 




Intensity 




Intensity 


Wave-length. 


and 


Wave-length. 


and 


Wave-length. 


and 




character. 
48 




character. 




character. 


G6U3-4 


5045'7 


7s 


(10) 




6480-8 


5s 


5026-7 


8s 


4447-2 


12 


G171-I> 


5s 


5017-7 


68 


(3) 




5950-2 


48 


5011-1" 


5b 


4426-1 


5 


5942-6 1 
5933-0 J 


lOnl 
lOnj 


5007-8 


5b 


(5) 




5005-7 ) 
6002-7) 


10 \« 

10 r 


4346-7 


611 


5929-6 


48 


(3) 




5768-5 


3 


4994-9 


6s 


4241-9 


6b 


5747-5 


3 


(7) 




4236-7 


6b 


(1) 




4803-6 


78 


4228-5 


6b 


5712-3 


«s 


4788-3 


6b 


(8) 




5686-3 


5s 


4780-1 


lOs 


4151-9 


5 


5679-8 


12n 


(10) 




4146-0 


4n 


5676-0 


5s 


4709-9 


2 


4133-8 


6 


5667-1 


9u 


4705-2 


2 


(3) 




(3) 




4643-4 


9 


4097-5 


2b 


5535-2 


6u 


(1) 




(3) 




(2) 




4634-0 


3 


4041-4 


6b 


5196-6 


611 


4630-8 


12 


4035-3 


5b 


5479-8" 


5b 


46-21-7 


9 


(4) 




5462-8 


5a 


4614-1 


8 


3996-3 


15 


5453-8" 


5s 


4607-3 


8 


3956-2 


7 


(3) 




4601-5 


9 


(1) 




5180-0 


58 


(4) 




3919-2 


10 


(4) 




4507-7 


6 


(24) 





Lines marked with two dashes are double. 



NITROGEN. 
Vacuum Tube. 



Wiive-length. 


Wave-length. 


Wave-length. 


(32) 


4094-0 


3446-2 


4975-0 


4059*0 


3371-2 


4917-1 


3998-0 


3338-6 


4813-9 


3942-56 


3309-4 


4722-6 


3894-26 


3284-8 


4666-35 


3856-9 


3267-5 


4648-4 


3804-85 


3158-9 


4573-7 


3755-15 


3135-7 


4489-6 


3710-15 


3116-4 


4416-7 


3671-35 


3103-8 


4356-3 


3642-0 


2976-7 


4344-4 


3576-85 


2961-9 


4269-15 


3536-6 


2953-0 


4200-85 


3600-15 


2819-7 


4141-2 


3469-05 


281416 



This "positive band" spectrum of nitrogen consists of some seventy or eighty 
"bands," each most intense at the least refracted edge, which generally consists of 
three " lines " forming a " head " to the band. The measurements are of the central 
line of the head. 
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OSMIUM. 




d character. 


Wave-length. 


Intensity and character. 


Wave-length. 


Intensity an 










Arc. 


Spark. 




Arc. 
4 


Spark. 


(12) 






8370-7 


6 


4794-2 


5 




(8) 




(6) 






3358-1 


4 




4664-0 


4 


1 


(6) 






4617-0 


4 


1 


3336-3 


4 


2 


(3) 






(3) 




4560-6 


4 8 


33-27-6 


4 2 


(23) 


1 


(3) 




4420-6 


5 10 


3324-5 


4 2 


(6) 




(10) 


1 


43950 


4 8 


3311-0 


4 2 


(14) 


1 


(4) 




4328-8 


3 6 


3301-7 


7 2 


(3) 


■ 


(9) 




4311-6 


4 ! 8 


3278-1 


4 


(4) 


1 


(1) 


1 


4294-1 


2 10 


3275-3 


4 1 


(9) 


1 
1 


(7) 




4261-0 


4 


10 


3269-3 


4 4 


(6) 






3268-1 


6 8 


4212-0 


3 ; 10 


3267-4 


8 


(2) 






3263-0 


4 i 4 


4175-8 


1 


8 


3262-5 


1 8 


4173-4 


2 i 8 


(3) 




(6) 






3257- 1 


4 i 2 


4135-9 


4 


10 


(12) 


1 


(2) 






3238-8 


4 1 In 


4112-2 


2 


8 


(5) 


1 


(») 






3232-2 


4 ' 10 


4066-9 


3 


10 


3213-5 


10 


(21) 






(1) 




3977-4 


4 


4 


3174-0 


\ « 


(3) 






(1) 


1 
1 


3963-8 


4 


6 


3165-8 


1 8 


(16) 






3156-3 


10 


3782-3 




8 


(2) 


; 


3752-7 




JO 


3058-8 


10 


3689-2 


4 


2 


3042-8 


8 


(7) 






3041-0 


8 


3640-5 


4 


4 


3030-8 


8 


3639-7 




8 


3018-1 


8 


(6) 






(2) 




3561-1 




8 


2949-0 


(> 


3560-0 




6 


(2) 


1 


3528-8 


3 


6 


2919-9 


: 8 


(3) 






2912-4 


8 


3504-8 


4 


4 


2909-0 


10 


(16) 






(3) 


' 


3449-4 


4 


2 


2844-4 


G 


(6) 






2838 7 


8 


3434-0 


4 


In 


(3) 


1 


3427-8 


5 


1 


2658-7 


1 6 


(12) 






(1) 






3402-0 


4 


4 


2637-1 


! () 


(8) 






(6) 


i 


3388-0 


4 


•> 


2367-4 


6 


01) 
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OXYGEN. 



Sl'ARK-SPECTRUM OR ELEMENTARY LiNE SPECTRUM. 



' 


Intensity 




Intensity 




Inten^ty 


i^ave-length. 


and 


Wave-length. 


and 


Wave-length. 


and 


1 


character. 
5s 




character. 


1 


character. 


01 71 -'J 


4367-0 


6 


4106-1 


5u 


52()6-4 


6s 


(2) 




(4) 




5Il»0-6 


4s 


4351-5 


6 


4076-1 


9 


o 176-3 


3s 


4349-6 


8 


4072-4 


9 


4710-1 


5s 


4347-6 


58 


4070-0 


9 


4705-6 


6s 


4345-7 


6 


(1) 




4699-4 


8s 


(5) 




3982-9 


4 


4076-4 


3s 


4319-8 


3 


3973-4 


8 


(•^) 




4317-3 


3 


3954-5 


5 


4649-2 


8s 


(2) 




(1) 




4641-9 


9s 


4190-1 


7 


3946-2 


3 


4638-9 


5 


4185-7 


7 


3919-2 


10 


4609-7 


2a 


(3) 




3912-2 


5 


4596-3 


Gs 


4153-6 


6 


(10) 




4591-1 


5s 


(2) 




3749-7 


6 


(4) 




4133-0 


2a 


(1) 




4447-1 


4 


(I) 




3727-6 


4 


(1) 




4124-3 


5 


3712-9 


2 


4417-11 
4415-1 J 


n 


(2) 




(22) 




4119-5 


5s 






(JO 


1 


(3) 









Oxygen, sulphur, and selenium have also a "compound line spectrum " consisting 
of a series of triplets, which can be represented by a formula — 



— a — bn"'^ — cn~^ 
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PALLADIUM. 



Wave-kngth. 


Intensity and character. 


Wave-length. 


Intensity and character 












Arc. 


Spark. 

28 


(1) 


Arc. 


Spark. 


6130-4 






(3) 






3617-1 


8r 


10 


6736-8 


5 


5s 


3489-9 


4r 


8 


(2) 






(1) 






5695-3 


9 


68 


3481-3 


7r 


10 


(4) 






(1) 






5670-3 


10 


6s 


3460-9 


7r 


10 


(2) 






(1) 






5665-6 


5n 




3441-6 


6r 


10 


5642-9 


5 




3433*6 


5r 


10 


(1) 






3421-4 


8r 


10 


5619-7 


9 


6s 


(2) 






. 6608-2 


5n 




3404-7 


lOr 


10 


(3) 






(5) 






5547-2 


9 


68 


3380-8 


5n 




5543-0 


10 


68 


3373-1 


Gr 


10 


5529-7 


6 


68 


(«) 






(3) 






3302-3 


6r 


10 


5395-5 


Hb" 


88 


(2) 






(8) 






3287-4 


5 


4 


5295-7 


10 


10s 


(2) 






(2) 






3267-5 




G 


5235-0 


7 


88 


3258-9 


Gr 


8 


(1) 






3251-8 


5r 


8 


5164-0 


10 


108 


3242-9 


lOr 


10 


(2) 






(4) 






5117-2 




88 


3114-2 


5r 


« 


(1) 






(23) 






5110-9 


6 


88 


3032-3 


1 


G 


(«) 






(2) 






4875-6 


7 


68 


3028-0 


If 


6 


(2) 






(9) 






4817-7 


9 


68 


2999-7 




G 


(2) 






2980-8 




8 


4788-3 


8 


68 


(10) 






(8) 






29-22-6 


7r 


4 


4541-3 


5n 




(11) 






4516-4 


5n 




2763-2 


8r 


4 


(2) 






(4) 






4473-8 


7 G 


-2658-8 




G 


(4) 


1 


(3) 






4406-8 


5 


2636-0 




H 


(10) 




2628-4 




G 


4213-1 


Or 


10 


(3) 






4170-0 


5 


4 


2565-6 





8 


(3) 






(1) 






4087-5 


6 


8 


2552-0 





8 


{^) 






(9) 






3958-8 


5r 


10 


2505-8 


2 


G 


3894-3 


6r 


8 


2498-8 


3 


G 


3799-3 


5r 


8 


2489-0 


4 


8 


3719-1 


4r 


10 


2486-6 


1 


6 


3690-5 


Gr 


lOn 


(1) 






(2) 






2476-5 


lOr 




3634-8 


lOr 


10 


(6) 






3609-7 


9r 


10 


2448-0 


lOr 


4 


(2) 


1 


(1) 






3571-3 


5r 1 10 


2441-5 


6Dr 




cy> 


, 


(19) 






3553-2 


7r 10 






• 
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PLATINUM. 



Wave-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 












Arc. 


Spark. 




Arc. 


Spark. 


6523-3 




6s 


3247-4 


2 


6 


(3) 






(29) 






5%4-7 




6s 


3204-2 


6 


6 


(12) 






(41) 






5478-7 


6 


48 


3139-6 


7 


4 


5476-0 


6 


4s 


(53) 






5390-6 


4 


6h 


3064-8 


6r 


8 


(8) 






(22) 






5369-2 


4 


8s 


3036-6 


6 


4 


5301-2 


6 


lOs 


(30) 






(«) 






3001-3 


2 


6 


5227-8 


6 


8s 


(2) 






(to 






2998-1 


7r 


2 


5014-6 


<; 




(60) 






(25) 






2929-9 


8r 


6 


4552-6 


5u 


8n 


(33) 






(iO 






2894-0 


6 


4 


4^98-9 


6 


4 


(13) 






(13) 






2877-6 




6ii 


4442-7 


6 


4 


(33) 






(51) 






2830-4 


8f 


4 


4118-9 


5 


6 


(31) 






(29) 






2794-3 


or 


6 


3966-5 


3 


6 


(15) 






(10) 






2774-9 


2 


6 


3923-1 


5 


8 


(42) 






(35) 






2734-1 


8r 


4u 


3818-8 


5 


6 


(») 






(47) 






2719-1 


6r 


4 


3687-6 


4 


8 


(10) 






(7) 






2702-5 


6r 


6 


3674-2 


4 


6 


(2) 






3672-2 


4 


6 


2698-5 


6 


4 


(12) 






(22) 






3643-3 


6 


6n 


2659-5 


lOr 


6 


3639-0 


6 


6 


(7) 






(3) 






2647-0 


6r 


4 


3629-0 


3 


6 


(6) 






3628-3 


5 


8 


2628-1 


7r 


6 


(64) 






(1) 






3485-4 


6 


(5 


2625-4 


2 


6 


(30) 






(71) 






3408-3 


7 6 1 


2514-0 


1 


6 


(27) 






(18) 






3323-9 


6 


2 


2487-2 


4r 


6 


(18) 






(13) 






3302-0 


8q 


8 


2467-5 


6r 


6 


(8) 






(19) 






3290-4 


6 


4 


2428-2 


8r 


lu 


(3) 






(1) 






3274-0 




6 


2426-0 


2 


6 


(18) 






(31) 






3256-0 


6 


4 


2377-3 




G 


(9) 






(93) 
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POTASSIUM. 






Wave-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 












Arc. 


Spark. 




Arc. 


.Spark. 


^f 7699-3 
17665-6 


lOnr 


8s 


» ( 4047-4 
i 4044-3 


Or 


lOfi 


lOnr 


8s 


Hr 10s 


# (6938-8 
16911-2 


8 


8s 


(4) 




8 


78 


4001-2 


68 


(2) 






(8) 




^f 6802-0 
1 578-2-7 


6n 


48 


3898-1 


i 8s 


6n 


38 


(22) 


1 


* 5369-9 


4n 


88 


*f 3447-5 
\ 3446-5 


6r 10 


(2) 






. 


* 5340-1 


4n 


88 


3440-5 




6 


(18) 






- (3) 






4609-5 




6s 


3385-4 




6.4 


(7) 






3381-4 




6s 


4263-2 




6s 


(2) 






4225-7 




6s 


3345-5 




8s 


4223-1 




6s 


(6) 


i 


(1) 






♦ 3217-3 


fir 2 


4186-3 




8s 


(11) 






4149-1 




6s 


3062-4 




Os 


4134-7 




6s 


(31) 






(I) 













The lines marked * occur in the flame-spectrum. 



PRASEODIDYMIUM. 



Wave-length. 


Intensity and character. 


1 

' Intensity and character. 






wave-iengjtn. 








Arc. 


Spark. 




Arc. 


Spark. 


(33) 






(16) 






4534-4 




6 


4371-8 


5 


(7) 






(2) i 


4510-4 




10 


4368-6 1 ; 10 


(C) 






(11) 


1 

1 


4496-7 




10 


4352-1 


i 


(14) 






4350-6 


i 5 


4468-9 




7 


(1) 






(7) 


• 




4347-7 







4450-1 




5 


(3) 






(7) 






4344-6 




8 


4429-4 




12 


(7) 






(9) 






4334-2 




10 


4409-0 




10 


(26) 


1 


(3) 






4306-0 


1 10 


4406-0 




8 


(1) 


1 


(8) 






4303-8 


5 


4396-3 




5 


(3) 1 




(1) 






4299-2 ; 


5 


4395-2 




5 


4298-0 




8 
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rSASBODI DVM II M— 
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01 
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A. 






(S) 


1 


(15) 








1 6 


3972-8 
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3971-8 






4130-9 
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Praseodidymium ^^ontinued. 



Wave-length. 



3947-8 

(33) 
3925-6 

(8) 
3919-0 

(8) 
3913-1 

(7) 
3908-5 
3908-2 

(18) 
3889-5 

(8) 
3880-6 

(1) 
3879-3 

(2) 
3877-8 

3876-3 

(7) 
3865-6 

(17) 
3852-9 

(1) 
3851-7 

3851-0 

(2) 



Intensity and character. 



Arc. 



8 
10 

10 



Spark. 



8 

8 

10 



5 



10 
On 



5 





10 
6 

10 

6 



5 
6 



Intensity and character. 



Wave-length. I — 



3846-8 

(20) 
.3830-9 

(12) 
3821-9 

(.^) 
3818-4 

(3) 
3816-7 

(») 

.3Hor)-o 

(5) 
38<K)-5 

(74) 
3762-0 

(148) 
3646-8 

(245) 
3367-7 

(5) 
3359-6 

(I) 
3357-8 

(8) 
3341-6 

(240) 



Arc. 



Spark. 



h 
6 
5 

10 

s 

5 
5 

mm 

4 

5 



5 



5 



5 



RADIUM. 



Wave-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 


1 










Flame. 


Arc. 


Spark. 




Flame. 


Arc. 


Spark. 

8 


6653 


strong 




5400-3 






r6700 
< to 
6530 


strong 
band , 




(11) 
4856-2 
4826-1 


f strong 
\ sharp 


8 
' 10 


6349 


strong 1 




(2) 


1 


/6329 


strong 




4682-4 


weak 


, 50 


J 6330 
1 to 
V6130 


(strong 
( band 




(2) 
4533-3 
4436-5 




i 1^ 
' 20 


6813-8 




10 


4340-8 




50 


6660-8 




10 


(2) 








5616-7 




8 


3814-6 






100 


(3) 






3649-8 






50 


66021 




8 


(2) 




\ 


(2) 








2813-8 




' 10 


6406-8 






8 


2709-0 






8 
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Intensity an 


RHODIUM. 




Wave-length. 


id character. 
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Rhodium — continued. 
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Rhodium — €onHnued, 
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Rhodium— confmu^d. 
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RUBIDIUM. 
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R UTHENIUM— r^«/l«l/ft/. 
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(13) 
2916-4 

(47) 
2882-2 

(14) 
2875-1 

(13) 
2866-7 

(42) 
2841-8 

(52) 
2810-8 

(35) 
2787-9 

(13) 
2778-5 

(19) 
2769-0 

(54) 
2744-1 

(18) 
2734-4 

(14) 
2725-6 
2724-9 

(13) 
2717-5 

(8) 
2712-5 

(36) 
2692-1 

(19) 
2678-8 

(270) 
2543-4 

(96) 
2479-0 

(40) 
2455-6 

(86) 
2402-8 

(64) 
2368-0 

(iV)) 



Intensity and character. 



Arc. 



Spark. 



4 


10 


;i 


8 


\ 


10 





(] 


6 


6 


'I 


<; 


on 


2 


5 


2 


2 


6 


(» 


6 


3 


6 


.{ 


6 


\ 


G 


2 


G 


;i 


8 


4 


8 


\\ 


(> 


2 


G 


\ 


8 


\ 


10 


\ 


l(» 


2 


8 


2 


G 


5 


4 


4 


8 


2 


G 
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SCANDIUM. 



Wave-lenjjth. 



♦;306-l 
(4) 

«;2io-o 

(6) 
6080-0 
6072-6 
6065-1 
6038-0 

(14) 
670(»-r) 
5687 •<> 

(I) 
5r.72-0 

(2) 
6657-5 

(3) 
6627-0 

(16) 
5240-0 

(14) 
6031-3 

(20) 
4316-8 
4300-6 

(1) 
4374-7 

(2) 
4325-2 

4321-0 

4314-3 

(3) 



Arc. 



^ and character. 






Wave-length. 






Spark. 




10 


4247-0 


1 


(22) 


8 


3662-0 






3646-5 




lOb" 


3642-9 




85" 


3630-9 




85" 


(2) 




101)' 


3614-0 
(1) 




8 


3590-7 




8 


3589-8 
3681-1 




8 


3676-6 
3672-7 




8 


3667-9 




3558-7 


12 


3536-9 




(8) 


8 


3372-3 




3369-1 


10 


3362-1 


1 


3361-4 


i 15 


3359-8 


■ 20 


3353-9 


1 

1 


(46) 


1 20 


2734-1 


1 


2699-1 


20 


(8) 


20 


2562-6 




30 


(8) 



Intensity and character. 



Arc. 



Spark. 



100 

20 

15 

60 

100 

100 

10 
10 
20 
30 
50 
20 
20 
15 

10 

10 

8 

8 

8 

20 

7 
10 

8 



* Lines due to the oxide. 
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SELENIUM. 



Wave-length. 


Intensity and character. 


1 

Intensity and character. 






wave-iengm. 








Arc. 


Spark. 


. - 


Arc. 


Spark. 


6500 




9 


5142 




9 


6479 




9 


(3) 






6432 




8 


5094 




10 


(9) 






(I) 






5697 




« 


5067 




6 


(3) 






(5) 






5596 




8 


f4993 
14972 




10 


(6) 








10 


5305 




10 


(1) 






f5270 
15251 




10 


f4842 
\4840 




10 




9 




10 


(2) 






(8) 






5225 




10 


4606 




10 


5176 




10 


(14) 






0) 






] 



See note under " Oxygen." 



SILICON. 



Wave-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 












Arc. 


Spark. 




Arc. 


Spark. 


.5948-8 






(3) 






5772-4 






2631 -4 




8 


5708-6 






(I) 




t 


5645-8 






2541-9 




8 


(4) 






(2) 






4131-0 




4b 


2528-6 


8 


8 


4128-2 




4b 


2524-2 


6 


6 


(5) 






2519-3 


8 


8 


3905-8 




5r 


2516-2 


10 


10 


(2) 






2514-4 


7 


7 


3862-8 




4n 


2507-0 


8 


8 


3856-2 




5n 


(6) 






(12) 






24.35-2 


8 


8 


2881-7 


10 


10 


(H) 
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SILVER. 



Wave-length. 



(28) 
4*547J-7 
54G5-7 

(6) 
4*r)200-2 

(7) 
4+4G68-7 

(8) 
If 4476-3 

(9) 
5 ♦4212-1 

4210-9 

(1) 
r>* 4055-5 

(3) 
513981-9 

(7) 
513841-3 

G»3810-G 
G 1 3710-J 
G* 3681-8 
7*3624-0 

(5) 



r * : 



3505-4 

(18) 
3383-0 

(48) 
3280-8 

(56) 
3130-1 

(31) 
2938-5 

(10) 
2824-5 

(6) 
2767-6 

(14) 

2711-9 

(C) 
2660-5 

(C) 
2G14-6 

(7) 



Intensity and character. 



Arc. 

G 
lOr 

lOr 

81)" 

Gb' 

8r 

6r 



51 



2b- 

2ii 

In 

21)'- 

In 

lb 

lOr 

lOr 
Gb 
6b 
8b 



I 



Spark. 



.')S 

lOa 

83 

2d 

58 
83 

Gs 



3rt 



lOs 

lOs 

2n 

3b 

8s 
8i 
8s 
Gs 



Wave-length. 



2580-7 
2575-7 

(9) 
2535-5 

(9) 
2506-7 

(4) 
2477-4 
2473-9 

(7) 
2453-4 
2447-9 

(4) 
2437-8 

(5) 
2429-6 

(3) 
2420-1 

(1) 
2413-3 

2411-4 

(16) 

2875-3 

(7) 
2358-9 
2357-9 

(10) 
2331-3 

(2) 
2324-7 

(1) 
2320-3 

(2) 
2317-1 

(1) 
2312-6 

2309-7 

(7) 
2-280-0 

(7) 
2248-8 

2-246-5 

(47) 



Intensity and character. 



Arc. 



6b 



2 
4 



4 
10 



Spark. 



88 

lu 

68 
98 

6s 
8s 

78 

8a 
lOs 

88 

lOs 

88 

2b 





68 

8a 


4 


88 


4 


8s 


4 


88 


4 


88 


8n 
lOr . 


4b 




88 


6 


6s 

68 



For the lines marked 4* 5* 6* 7* in the formula \c^^ = a ^hnr^—cw^, a = 30712*4 

or 31633-2, b — 13062*1, c — 109382-3. For those marked 4t st 6t, « - 30696-2 or 
31617-0, h - 12378-8, c = 39430'3- 
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SODIUM. 



Wave-length. 



8200-01 
8188-0 j 
6161-1 1 
6154-6 f 
5896-21 
5890-2 j 
5688-31 
5682-9 i 

(2) 
5153-71 
5149-2 j 
4983-5 
4979-3 



Intensity and character. 


Flame. 


Arc. 


Spark. 


6 


8n 


8s 


(• 


8n 


8s 


10s 


lOsr 


lOs 


10s 


lOsr 


10s 


8n 


8a 


6n 


8q 


8n 


6s 


6 


6n 


5s 


6 


6a 


5s 


6a 


6n 


6s 


6n 


fin 


63 



Wave-length. 



1752-2 1 

1748-4 j 

} 



4752-2 
4 

4669-4 
4665-2 

(13) 
3303-11 
3302-5 j 

(18) 
2852-9 

(•^) 
2680-5 

(9) 



Intensity and character. 



Flame. ' ' Arc. ' Spark. 



in 
4n 

8s 
8s 



4n 
4n 
4n 
4n 

8r 
8r 

6r 

4r 



2s 
2s 
3n 
3s 

10s 
10s 

10s 

8s 







STRONTIUM, 


Intensity an 




Wave-length. 


Intensity and character. 


Wave-length. 


d characte 


1 








Arc. 


Spark. 
4s 




Arc. 


Spark. 


6550-5 


6 


4872-7 


lOr 


6s 


(1) 






(1) 






6504-2 


4 


8s 


4868-0 


6n 


2 


6408-6 


6 


10s 


4855-3 


6n 


2 


6386-7 


6 


6s 


4*4832-2 


lOr 


6s 


6380-9 


4 


4s 


4812-0 


lOr 


6s 


(6) 






4784-4 


6 


(is 


5543-5 


6b 


4s 


(1) 






6540-3 


6 


6s 


4742-1 


fi 


6s 


5535-0 


6 


8s 


(1) 






5522-0 


8r 


8s 


4722-4 


8 


6s 


5504-5 


lOr 


8s 


4678-4 


On 




(1) 






4807-5 


lOr 


lOr 


5486-4 


8 


6s 


4531-5 





1 


5481-1 


lOr 


lOs 


(1) 






5451-1 


8 


5s 


4438-2 


6n 


3 


(2) 






0) 






5257-1 


8r 


83 


4361-9 


6a 


3 


5238-8 


lOr 


10s 


4338-0 


6b" 


lb 


5229-6 


8r 


6s 


(3) 






5226-4 


8 


6s 


4305-6 


(> 


30b'' 


5222-4 


8 


6s 


4215-7 


lOr 


lOOb" 


(1) 






4162-0 


6 


20b 


5156-4 


lOr 


' 2s 


4077-9 


lOr 


lOOb* 


4*4971-8 


4 




5 * 4032-5 


4b»' 


1 


4968-1 


8 


4s 


4030-5 


^\r 


7n 


4962-4 


lOr 


8s 


5*3969-4 


4 


1 


4892-2 


8r 


Is 


5*3940-9 


4b»- 




4 ♦ 4876-3 


8r 


6s 


6*3705-9 


Q>\\ 


3n 
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Strontiu M — continued. 



W.ive-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 












Arc. 


Spark. 




Arc. 


Spark. 


0*3653-3 


4n 


In 


3366-4 


8 


4 


0» 3629-1 


4 




3361-3 


lOr 


3n 


7 * 3547-9 


On 




3330-2 


8 


4 


(1) 






3322-3 


8 


3 


7 * :M99-4 


<>n 




3307-6 


lOr 


In 


7 * 3477-3 


2ii 




3301-8 


8 


3 


3475-0 





20n 


(6) 






34«)4-6 


8 


lOObr 


2932-0 


8 




(4) 






(5) 






3380-9 


8 


80nr 









* These lines form a series of triplets for which, in the formula 10*- — a — bn~' 

A 

- 6v/""<, a — 31030-64 for ih^ first line, 31424*67 for the second, and 3i6io'58 for the 
third, b = 122328, and c = 837473. 







SULPHUR. 






re-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 












Arc. 


Spark. 




Arc. 


Spark. 


(4) 


5104 1 


7 


0389 


7 


(2) J 




0319 




8 


5033 , ; 10 


0308 


9 


5021 10 


0290 1 


10 


5014 ' i 8 


(4) 




4995 6 


5072 




7 


(3) 


5001 




8 


4926 1 8 


5051 




8 


(3) : 


5040 




10 


4817 i 8 


5005 




10 


(5) 


5502 




8 


4716 8 


(5) 






(5) 




5508 




8 


4552 


10 


6471 




8 


4526 


10 


5452 


9 


4486 1 10 


5439 




8 


4466 


10 


5430 




6 


(6) 1 




5343 




10 


4296 1 


8 


5320 




10 


4283 


8 


5215 




10 


(1) 




5201 




10 


4269 ' 7 


(I) 




(1) 


5143 


7 


4251 


7 


(•2) ! 




(7) ; 

■ 





See note under " Oxygen." 
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TANTALUM. 



1 Intensity and character. 

1 


T17— 1 - - - A 1- 


Intensity and character. 


Wave-length. 






Wave-length. 








Arc. 


Spark. 




Arc. 


Spark. 


(11) 






3798-3 




6 


4607-0 




6 


(6) 






(117) • 






3791-4 


1 ^ 


4205-5 


5 


(1) 




(6) 




3787-2 


i 5 


4191-5 


6 


(25) 




(11) 




3759-7 


' 5 


4168-3 


8 


(10) 


1 


(J) 




3742-6 


5r 


f 4164-8 


8 


(5) 




14163-8 




8 


3739-9 


' 5 


(3) 






(4) 


1 
1 


4152-7 


8 


3726-4 


! 6 


(9) 




(5) 


1 
I 

1 


4139-9 


8 


3717-2 




8 


(2) 






(I) 






4137-3 




7 


3713-2 




Gr 


(13) 






(15) 






4124-0 




10 


3688-1 




5n 


(10) 






3683-7 




8 


4101-1 




10 


(17) 


1 

i 


(13) 






3659-7 


6 


4079-9 




12 


(3) 




(15) 






3651-3 


6 


4059-1 




15 


(51) 




(21) 






3680-4 


! 6 


4032-7 




5 


(4) 






(42) 




3576-0 




6 


3966-4 




5 


(31) 






(44) 






3535-5 




6 


3906-8 




lOr 


(17) 






(51) 






3510-5 




5 


3832-0 




6 


(51) 






(6) 






3432-9 


5 


3819-0 




5 


(137) 






(6) 






3225-6 




5 


3803-1 




6 


(532) 




(3) ! 

1 

1 
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TELLURIUM. 



««• • • 


IntenaJty and character. 


iKf BMly Mid dmacter. 


1% uvc'Icnttb. 1 


vv a^WKi^pn* 1 


Arc 


Spark. 


Ave 1 Spaik. 


Uht 


<^) 


"<; 


3521-U 83 


5t»74*l Vh 


(1) 


h*SM\"l f<6 


3496*6 ! «3 


h)) 


(8) 1 


bloH'l JOs 


34U7-0 


6 


(\) 


(7) 




:*707-«; lOd 


3362-7 


8s 


.>>4X-1 103 


(24) 




(^) 


3176-4 


6 


5."»76-2 xs 


(13) 




f2; 


3047-0 


lOn 


r>i48r> 8rf 


(2) 




^■1) 


3017-9 


6b 


.02l«-2 8.1 


(11) 




(2H) 


2967-2 


4b 


'\'6()'2'\ Os 


(7) 




(3) 


2942-3 


4b 


4275-3 «8 


(5) i 




4260-5 ! 6s 


2896-6 


lOn 


H) 


2868-9 


8ii 


4221-7 ' Gs 


(1) 




(4; 


2868-3 ' 


lOn 


4002-3 


68 


(6) 1 




4055-1 


6s 


2793-1 




6b 


(3) 




(1) 






4006-7 


8s 


2769-8 




8 


3084-5 1 


6s 


(4) 






(3) 




2711-7 




4b 


3IMiII-3 


6s 


(28) 






f3) 




2630-9 




8 


38-12-0 


8s 


(15) 






(«) 




2428-1 




4 


3736-5 


88 


(8) 






(7) ; 




2386-9 




8r 


3650'0 1 


6s 


2383*4 




8r 


(4) : 




(6) 






3617-6 i 


6s 


2259-1 




6r 


(3) 






(13) 






3552-2 




83 
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THALLIUM. 



Wave-length. 


Intensity and character. 


Wave-length. 


Intensity and character. 
















Flame. 


Arc. 


Spark. 
6a 




Flame. 


Arc. 


Spark. 


6948-0 






7*2609-9 




4r 




3t53aQ:6 


10s 


lOr 


lOnr 


2609-1 




6r 


2r 


3 1 3775-9 




lOr 


208r 


(1) 








4*3529-6 




8r 


10s 


4 t 2580-2 




8r 


3nr 


3519-4 




lOr 


208r 


2562-6 




6r 


48 


4 1 3229-9 




lOr 


6n 


. (3) 








3091-9 






88 


6*2379-7 




8r 


lOr 


5*2921-6 




6r 


8n 


(3) 








2918-4 




lOr 


lOn 


4 1 2316-0 




6r 


4 


6 t 2826-3 




8r 


28 


2298-2 






7s 


4*2768-0 




lOr 


611 r 


(2) 








(4) 








6 * 2237-9 




6r 


3r 


G * 2710-8 




4r 




- (4) 








2709-3 




8r 


3ar 


6- 2-207-1 




4r 


2n 


(3) 








7- 2168-7 




4r 




6 1 2665-7 




6r 


3n 


(16) 









The lines marked * form a series of pairs for which in the formula io*t = or - hn-'^ 

- f/i-*, a — 41542*7 fortheyfrj/ line, 49337*6 for the second, b = 13229*3, c — 126522*3. 
For the pairs marked t» ^ = 41506*4 or 49301-3, b = 12261*7,'^ = 79068*3. 



THORIUM. 



Wave-length. 


Intensity and character. 


Intensity and character. 






wave-leiiglli. • 






Arc. 


Spark. 




Arc. 


Spark. 


6538-1 


68 


(46) 






5447-0 




6s 


4310-2 




4 


6375-6 




68 


(73) 






4920-0 




6s 


4209-0 




5 


4864-6 




68 


(51) 






(52) 






4140-4 




4 


4589-3 




4 


(14) 






(17) 






4116-9 




5 


4663-5 




6 


(23) 






(1) 






4085-2 




4 


4565-8 




8 


(13) 






(38) 






4069-4 




4 


4610-7 




5 


(51) 






(16) 






4019-3 




10 


4466-6 




4 


(201) 






(63) 






3813-2 




4 


4391-3 




8 


(88) 






(1) 






3763-0 




4 


4387-9 




5 


(13) 






(3) 






3752-7 




6 


4382-1 




8 


(12) 
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Tho&i UM — comiinued. 



Wave-length. 


Inteiteity and character. 


Wave4a%th. 


Intensity and charaGter. 












Arc. 


Spark. 




Arc 


Spark. 


3741-4 




6 


3392*2 




5 


^3) 
37390 




4 


(9) 
8377*6 




8 


(7) ! 
3731 -U 


4 


(»V) 
8351*4 




4 


(34) 
3704-2 


4 


(11) 
3339*7 




6 


(14) 
3092-G 


; 

i 6r 


(7) 
3334*7 




4 


(3) 1 i 
3688-9 ! ] 4 


(10) 
3325*3 




4r 


(11) 
3679-9 5 


(12) 
3313*9 




10 


(1) 
3678-2 1 4 


(8) 
3300*6 




12 


(2) 
3675-7 ' 4 


(14) 
3290*7 




10 


(13) 
3663-9 1 4 


(16) 
3272*5 




16 


(3) ; 1 

3661-7 ! \ 6u 


(48) 
3232*2 




7 


(1) 1 
3669-7 1 ' 6u 


(12) 
3221*4 




12 


(«) 
3652-3 


1 

i 4 


(5) 
3216*7 




8 


(4) i j 
3621-3 : 4 


(27) 
3188*4 




6 


(6) 
3617-2 


5 


(10) 
3180*4 




4 


(i>) 
3609-6 


■ 


4 


(39) 
3148*1 




6 


(13) 
3601-2 


1 

i 


(25) 
3112*6 




4 


(24) ; 

3575-4 ! ' 4 


(12) 
3098*0 




6 


(2) 
3572-5 




4 


(15) 
3079*0 




4 


(39) 
3538-9 




10 


(68) 
2978-8 




8 


(9) 
3529-1 




6 


(32) 
2932-6 




6 


(20) 
3511-8 




6r 


(28) 
2899*0 




6 


(3) 
3507-7 




10 


(41) 
2837*4 




6 


(51) 
3470-1 
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The lioes marked * and f form a series of triplets of which the oscillation frequencies 

in air can be calculated (very nearly) from the formula io*j^= ^ ~ ^^~^ " ^'2"'*i when 

a = 42945-32 for the Jfrst line, 43331 71 for the second, and 43521 '48 for the fhird line 
of the triplet, ^ = 131641, c — 1236125 in the triplets marked *. In the triplets marked 
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the sign * or t shows the value of n. 



3o8 An Introduction to the Sttuly of Spectrum Analysis. 



ZIRCONIUM. 



Wave-length. 



031 1-a 
0141-8 
0133-8 
0128-1 
5385-0 
5350-5 
5191-7 
4810-1 
4772-1 

(2) 
4739-0 

(4) 
4710-3 

(1) 
4088-0 

(20) 

4542-4 

(3) 
4535-9 

(19) 
4497-1 

(1) 
4494-0 

(15) 

4454-9 

(C) 
4443-3 

(43) 
4380-0 

(3) 
4371-1 

(7) 
4359-9 

(6) 
4348-0 

(8) 
4341-3 

(20) 
4317-4 

(14) 
4303-0 

(3) 
4294-9 

(9) 
4282-3 

(10) 
4203-1 

(7) 
4258-2 

(11) 
4241-8 

4241-3 

4240-6 

4239-4 

(2) 
4230-2 



Intensity and character. 


Wave-length. 


Intensity and diaractcr. 










Arc. 


Spark. 
08 


(5) 


Arc. 


Spark. 










Os 


4-227-9 


8 


4 




10b 


(7) 








68 


4182-7 


5 


8 




10s 


{^) 








48 


4161-4 




10 




6s 


4156-4 


8 


10 




6s 


(4) 








10s 


4149-4 


10 


20 




10s 


(10) 










4121-0 


5 


5 


1 


10s 


(13) 










J 4090-9 
\ 4090-7 


3 


3 


3 


10s 


6 


6 






(6) 






3 


lOs 


4081-4 
(7) 


10 


6 


4 


3 


4072-8 
(5) 


10 


6 


5 


5 


4064-3 
(11) 


8 


6 


7 


10 


4056-2 

(3) 


5 


6 


a 


10 


4049-7 


5 








4048-8 


7 


10 


5 


5 


(2) 










4045-8 





8 




10 


4043-7 
(13) 


6 


3 


1 


12 


4029-8 
(1) 


5 


4 


< 


10 


4027*4 


5 


3 






4025-1 


5 


3 


8 


10 


(24) 
3999-2 




16 


8 


3 


(2) 










3991-3 


8 


16 


p* 

t 


3 


(13) 










3981-7 


10 


3 


5 


6 


(20) 










3968-3 


8 


15 


5 


5 


(29) 










3929-7 





5 


i 


5r 


3921-9 
(5) 


5 


3 


5 


8 


3916-1 
(7) 


5 


8 


5 


5 


3900-7 
(9) 




8 


7 


5 


3891-6 


8 


3 


8 


6 


3837-0 




12 


8 


5 


(37) 






8 


3 


3767-0 




10 


8 


4 


(11) 
3761-8 




12 


5 


5 


(2) 







Catalogve of Spectra. 



Wa«-I««glh. 


tntcDsily ind cbaracKt. 


Wavtlength 


InMDiilyuHlcluirmcter. 












Ar.. 


Sp«k. 




7 


Sp«k, 


B74G-a 




Il> 


B3!Mi-5 




(W) . 






(1) 






B7S1-S 






3898-3 






(W) 






3393-4 


10 


16 


8709-5 






.(1)_ 






(10) 












3698-4 




lU 


3388-0 






A 






(■tl 
3377-6 






3680-7 






3370-4 






8676-0 






(«1) 








1(1 


3344-9 






(10) 






(2) 






366S-B 






834U-G 


7 




(S6) 






B338-(i 






8634-0 




4 


(1)_. 






SS^i^^ 




hi 


8334-4 






(8) 






(7) 






8612-1 




ID 


3323-1 






(9) 






. '■■'I. 






3601-3 


lu 










(21) 






til" 






86-7-1 




10 


33M-li 






(8) 






8313-8 






3572-B 


III 


12 


(3) 






(15) 






3306-4 






8i68'-7 




16 


W_ 






3^^-! 














10 


(O' 






(9) 






3«84'8 






8642-9 




13 


(8) 






(30) 






3279-4 






B619-7 






(■!) 






(22) 






3273-2 






S4M-8 






(2) 






(9) 






3209-8 






S^I-3 




HI 


.9) 






(1) 






8260'G 






M79-6 




111 


(3) 






(3) 






3»ll-2 






847/-3 






(3) 






A 




li 


3234-2 
(i) 






(16) 






3228-9 






3488-4 




15 


(4) 






A 




1(1 


H2U-3 
ll) 






n. 






3-il2-l 
(10) 






<£.. 




A 


3192-0 
3191-3 






8406-0 


" 




(1) 






(1) 






3182-9 






84i)a-0 


6 




31S2-0 






m 






(2) 






3S99-0 




3178-2 




3 


(!) 






(S) 







3IO An Introduction to tlu Study of Spectrum Analysis. 



Zi RCON I U TA— continued. 



WavC'length. 



3164>'4 
31()<)'l 
aiBoti 
3164-4 

(•2) 
31.'>7i> 

31571 

3155-^ 

(3) 
;U38H 

(-') 
3133r. 

3132-2 
(2) 

3i2i»*;> 

3l2y3 

(1) 
312r.-o 

(I) 

3r.H>-s 

3111*0 

(I) 
3ItH;-7 

(I) 
:{(M»:)"2 

in 

( WW 

?•.»::• 1 



in 



• • - • • 



Intensity and character. 




Intensity and character. 






iWave-length. 












Arc. 
6 


Spark. 




Arc. 


Spatk. 


2 


2700-3 




4 




3 


(7) 






7 


2 


2690-6 




4 


10 


3 


(1) 
2686-4 




4 


9m 

i 


1 


(1) 


1 


i 


2 


2682-3 




5 


7 


3 


(1) 
2678-8 




5 


10 


4 


(5) 
2664-4 




5 


8 


4 


(2) 






7 


1 


2656-6 
(2) 




4 


10 


4 


2643-U 




5 


10 


4 


(6) 










2631-0 


1 


4 


10 


3 


2628-3 

(4) 




4 


H 


1 


2620-7 

(14) 




8 


10 


I 


•2593-8 
(3) 




5 


10 


4 


2571-5 




8 


10 


3 


2569-0 
(3) 






« 


3 


2550-9 


4 






2542-2 4 


.") 




(20) 
2457-5 G 


10 


J 


2449-9 


5 






2448-9 


1 6 






0) 
2444-2 i 4 






(5) : 

2420-8 ■ 4 






(25) 
2357-5 1 4 






(29) 







APPENDIX. 

On the Relative Behaviour of the H and K Lines 

OF THE Spectrum of Calcium. 

By Sir William Huggins and Lady Huggins. 

The remarkable relative behaviour of the lines in the spectra of certain 
substances as they appear at and near the Sun's limb, and in the atmo- 
spheres of stars of different classes, has long been before our minds as a 
problem of great interest, which there is reason to believe is capable of 
solution by the methods of the laboratory, and on which we have worked 
from time to time for many years. Without waiting for the results of 
other researches which are in progress, we think it is desirable to put on 
record some definite results on the behaviour of calcium, which appear to 
us to be conclusive and of great importance in forming a correct inter- 
pretation of many solar and stellar phenomena. 

As early as 1872 Professor Young, from a few weeks' work at Sherman 
on the spectra of the chromosphere and of the prominences, was able to 
point out that " the selection of lines seems most capricious ; one is taken 
and another left, though belonging to the same element, of ecjual intensity, 
and close beside the first." Especially he noticed that while the H and 
K lines of calcium are almost always observable, the strong blue line as 
well as other lines of this metal are very seldom seen. In his table of the 
chromospheric lines, Professor Young gives for the frequency of this 
strong blue line the small number 3 ; while for the frequency of H and K 
he gives respectively the high numbers 75 and 50. 

From 1863, when I mapped the spectrum of calcium with a strong 
spark from metallic calcium {Phil. Trans,^ 1864, p. 139), I have constantly 
used the lines of calcium as a comparison spectrum in solar work. The 
experience was familiar to me that as the quantity of calcium salt on the 
electrodes became very small, H and K continued strong, even when the 
other calcium lines had almost disappeared. The suggestion then 
occurred to me that this behaviour of the lines might furnish a clue to the 
phenomena which take place near the Sun's limb. 

We were encouraged to use this experience as a guiding thought in the 
experiments about to be described, by the consideration that in the higher 
solar regions, where H and K appeared alone of the calcium lines, the 
density must be much less than at the lower level of the reversing layer. 
It seemed very probable that in the simple fact of difference of density 
lay the true explanation of the modifications of the calcium spectrum as 
they are presented to us in solar and stellar phenomena. 

The problem before us was, therefore, to find by experiments in the 
laboratory, under what conditions the lines of calcium other than the 
lines H and K, and in particular the strong blue line at 4226*9, were so 
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greatly enfeebled relatively to H and K that they became quite insignifi- 
cant, and, if possible, disappeared altogether from the spectrum, leaving 
the very simple spectrum of the two lines H and K, or nearly so. 

Professor Lockyer states that '* Some of the substances which have 
been investigated, mcludin^ iron, calcium, and magnesium, have probably 
a definite spectrum, consistmg of a few lines, which can only be produced 
at a temperature higher than any which is at present available in labora- 
tory experiments " {^Proc, R, S.y Ixi. p. 205). 

In the case of cjilcium : — 

"(4) A spectrum consisting of the two lines at 3706*18 and 3737'o8 
and the H and K lines, corresponding to a temperature higher than the 
average temperature of the spark, as before explained " (Jbid,^ p. 161). 

Such a spectrum was not actually obtained, but experiments with a 
large intensity coil suggested that by a still greater increase of intensity 
of the spark such a simple spectrum might appear. The intensity of die 
strong blue line was reduced to one-half of H and K ijbid,^ Table, 
p. 162). 

Kayser and Runge found 106 lines of the calcium spectrum to belong 
to the system of triplets. Among the remaining lines they pointed out 
pairs with constant differences of wave frequencies ; notably H and K, 
with a difference of wave frec^uency of 222*9, 2ind the more refrangible 
pair at 3637*08 and 3706*18, with a difference of 223*1. 

Messrs. Humphreys and Mohler, in their experiments on the effect of 
pressure on the wave-lengths of metallic lines, found that in the case of 
calcium the H and K lines were shifted only one-half as much as the 
blue line at 4226*9. We know far too little to justify us in forming any 
theoretical conclusions from this peculiarity of behaviour. Indeed, 
there are no certain reasons why the lines of any substance should be 
equally shifted. 

It is well known that calcium, in common with nearly all substances, 
gives a more complex spectrum under the conditions of the arc and spark 
than under those of a name. Now, in the Fraunhofer lines we have, as 
first shown by Kirchhoff and Bunsen, absorption spectra of the elements 
which correspond, speaking broadly, with those of the bright-lined spectra 
of the same substances as they are produced by the spark. In order, 
therefore, to study the modifications which the calcium undergoes in the 
higher regions of the chromosphere, in the prominences, and possibly in 
lower parts of the corona, as well as in the atmospheres of stars of different 
orders, it was clearly desirable that we should start with an ordinary spark 
spectrum. It was suggested to us strongly by the known rarer state of 
the gases in the regions above the photosphere, as well as by my long 
experience with the behaviour of calcium in comparison spectra, that the 
modifications of the calcium spectrum which we were seeking would be 
likely to show themselves under conditions of greatly reduced density of 
the calcium vapour. 



Experiments. 

For reasons which will be obvious later on, we elected to use through- 
out the experiments a spark of very small intensity. 

I. The break of a 6-inch Apps coil was fixed at the position of smallest 
acting force of the spring. So much battery power only was employed as 
would be just sufficient to mbve the break. Under these conditions, when 
a jar was not in connection, the feeble spark would not pass when the 
distance between the points exceeded ij inch. 
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2. In all the experiments a jar was intercalated. 

3. The same length of exposure, a very short one of a second and a 
half, 'sufficient to bnng out only the strongest lines of the spectrum, was 
used in each experiment. 

4. Two sets of similar experiments were made ; in one case with 
electrodes of platinum, and in the other with electrodes of iron. In the 
latter case the chief lines of iron were present with those of calcium. 

Methods adopted for reducing the density of the calcium vapour : — 
\d) The spark was taken between electrodes of metallic calcium. It 
was assumed, as was confirmed by the appearance of the spark, that with 
metallic calcium for electrodes the largest amount of calcium vapour 
would be present. 

(b) The tips of the electrodes, iron or platinum, were slightly moistened 
with a strong solution of calcic chloride. 

(c) The tips were slightly washed with pure water. 
(jit) The tips were again washed with pure water. 

\e) The tips were then slightly moistened with a very weak solution 
made by adding a drop of the strong solution to two ounces of water. 

Our expectations were completely confirmed. Under the conditions 
(a) of greatest density of the calcium vapour, when metallic calcium was 
employed, the blue line was as strong and possessed the same diffiise 
chairacter as H and K. 

As the density of the calcium was reduced, the lines were not found 
to be equally enfeebled, but, on the contrary, the blue line and the greater 
number of the lines were increasingly reduced in intensity relatively to H 
and K, until at last with the twice-washed electrodes {d) the spectrum 
was simplified to the condition usually existing in the prominences, in 
which H and K only are present. 

We now proceed to a more precise statement of the changes of 
relative intensity as they are presented in the photographs which accom- 
pany this paper. 

A. Photograph of the spark when both electrodes consist of metallic 
calcium. Here we have present doubtless the largest amount and the 
greatest density of calcium vapour. The winged character of H and K, 
of the blue line, and of the pair more refrangible than H and K, is well 
seen, showing that this appearance comes out when the gas is dense. If 
the greater extension of the wings of H is allowed for, and the line H 
carefully distinguished from the fine lines close to it, it will be seen to 
possess very nearly the same strength, both as regards width and length, 
as the blue line at 4226*9. The strength of this blue line under this 
condition of density is about the same as that of the line at 3737, and 
rather greater than the line beyond at 3706. 

B. Spark taken with one electrode only of metallic calcium, the other 
electrode being of platinum. In this case the effect of a smaller density 
of the calcium vapour is clearly shown in the greatly reduced wingedness 
of the lines. It will be remarked that the dimmished density has had the 
greatest influence on the pair at 3737 and 3706 ; these hnes are now 
much less strong than the blue line, which still holds its own, and remains 
about as strong as H and K. The lines of the more refrangible pair are 
no longer diffuse at the edges. 

C. Spark taken between platinum electrodes moistened with a strong 
solution of calcium chloride. Here the effect of a smaller quantity of 
vapour begins to tell strongly upon the intensity of the blue line relatively 
to H and K. It may now be estimated at less than one-fourth of the 
intensity of H. At the same time H and K have almost completely lost 
their diffuse character, and have become thinner and more defined. 
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D. The electrodes as left in the former experiment were slightly washed 
with pure water, leaving a trace only of calcium chloride. There is, a^ 
might be expwcted, an advance in the enfeeblemeni of the blue line and of 
the more refrangible pair, rfkitively to H nnd K. 



SPARK SPECTRA 

ITT*M THt RELATIVE INTENSITIES W 





L=_ 



E. The electrodes were again sliffhtly washed with pure water, so that 
a still smaller trace of calcium chloride must have remained upon them. 

The enfeeblement of the blue line and of the pair has now become 
very great, while H and K, though thinner, remain strong. 

F. The electrodes were once more washed with pure water, reducing 
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still further the trace of calcium chloride which remained upon the 
platinum wires. The blue line has now practically disappeared, and the 
refrangible pair become very thin. The H and K lines have become 
thin and defined as they usually present themselves in the prominences. 

F*. The conditions are similar to those of F, but the reduction of 
density has been carried still further. 

H. Once more the electrodes were washed with the expectation of 
having removed completely the last remaining trace of calcium. To our 
surprise, when the photograph was developed, the lines H and K came 
out alone. The more refrangible pair had now faded out as well as the 
blue line. H and K were now thin, and extended but a short distance in 
the spectrum. 

It must be remembered that the only condition which was varied 
during this set of experiments was the amount or density of the calcium 
vapour. The changes of relative intensity, and the modifications of the 
ca£:ium spectrum produced thereby, as shown in the succession of photo- 
graphs on the plate, correspond closely to the behaviour of calcmm at 
difterent levels near the sun's limb, and in the atmospheres of stars of 
different orders. There can remain no doubt that the true interpretation 
of the changes in appearance of the calcium lines in the celestial bodies is 
to be found in the different states of density of the celestial gases from 
which the lines are emitted, or by which they are absorbed. 

A similar set of experiments was made with iron electrodes. Precisely 
similar results as to the relative enfeeblement of the lines as with calcium 
chloride on platinum electrodes were obtained. Of course the iron lines 
were also present. As might be anticipated, in consequence of the 
simultaneous presence of the iron vapour, the lines of calcium were 
thinner than when platinum was used. 

Outside the range of wave-lengths which could be conveniently given 
on the plate, far on in the ultra-violet, there is a pair of strong lines which 
behave very much as H and K. It remains visible in photograph H 
when the pair at 3737 and 3706 have disappeared. This pair is situated 
at 3158*98 and 3 1 79-45. 

It is desirable to point out again that all the photographs on the plate, 
and the far ultra-violet lines, were obtained with a spark of quite unusually 
small intensity, which was purposely made as little hot as possible, in 
order to emphasize the important fact that the determining condition of 
the spectral changes under discussion is not one of increase of temperature. 

In the modifications of the calcium spectrum arising from variations 
in the relative intensities of the lines which have been discussed in this 
paper, and which correspond to those observed in the celestial bodies, 
there does not appear to be any reason for assuming, much less any 
direct evidence in favour of, a true dissociation of calcium, that is, of its 
resolution into chemically different kinds of matter. 

It would be remarkable if, by decomposition through increase of 
temperature, a large number of lines of a spectrum should become 
relatively enfeebled, and that as the result of decomposition a spectrum 
should become simpler, and not, as analogy would suggest, more complex. 

It is of importance to keep in mind that the recent chemical use of 
the word dissociation is not equivalent to true decomposition, i.e, to a 
resolution of the original substance into two or more chemically different 
kinds of matter. It may, and does often, mean not more than a different 
arrangement of the parts of the molecule, while those parts are all chemi- 
cally matter of the same kind as the original molecule ; as in the case of 
the resolution of a compound molecule of peroxide of nitrogen into two 
identical half molecules, or in the separation of a molecule of elementary 
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iodine into two half molecules or atoms of identical chemical characters. 
Soch dissociations are well known, and are not of infrequent occurrence, 
and may, indeed, take place in connection with some of the spectral 
changes of a substance observed under differwit conditions. On the other 
hand, a Irue decomposition of a chemical element, that is, a breaking up 
of the molecule into simpler and quite other kinds of matter, though a 
notion bmiliar to chemists since Prout's time, and regarded as theoreti- 
cally possible, is as yet unknown as a matter of fact. 



Conclusions, 

These expeiimenis seem to us to furnish an adequate and c 
explanation of the behaviour of the calcium lines at and near the sun's 
limb. Near the photosphere, where the absorption mainly takes place by 
which the dark Imes of the solar spectrum are formed, there would be, we 
should expect, a much greater density of calcium vapour than at a higher 
level, and we tind the Fraunhofer Ime at 4226'9 strong, but much less 
broad than H and K. The recent photograph of the reversing layer 
shows that the broad shading of H and K is not reproduced there, but 
probably, as Mr. Jewell concludes from his measures, lower down, where 
the gas is still denser, which is in agreement with photograph A on the 

Higher up in the chromosphere, iii the prominences, and possibly in 
the lower coronal regions, the decrease of the density of the gases com- 

EDsing them must be rapid, and the temperature gradient as determined 
y expansion must be rapid. We have clearly to do, in these regions, 
with lalcium vapour in a rarer state, and, except so far as the molecules 
may have carried up within themselves to some extent the higher heat of 
a lower level, or through imperfect transparency the gases may have 
received heat from the sun's radiation, \X must be at a much lower 
temperature than near the photosphere. Now, the changes of the calcium 
spectrum which take place in these regions are those which correspond 
in our experiments to a very small amount of calcium vapour, and a ^park 
of small intensity. 

On account of the violent commotion which must exist through the 
strong convection currents at the sun's limb, we should not be surprised 
to find some calcium vapour, notwithstanding its greater density, carried 
high up, together with the lighter substances such as hydrogen and helium, 
Our experiments show how strongly the H and K hues may come out 
when only a trace of calcium vapour is present, and so, it seems to us, 
offer a possible explanation of the great height at which these lines may 
be sometimes recognized. At no very great distance from the surface of 
the sun the gases must become too tenuous to give a visible spectrum, 
and it may well be that the brilliant radiations of even very rare calcium 
gas at H and K may show in our instruments for some distance after the 
hydrogen and the other light matter associated with it have become too 
subtle to furnish a spectrum that we can detect. 

The relative behaviour of the lines of the calcium spectrum as they 
present themselves in the different orders of stellar spectra, when inter- 
preted by the terrestrial experiments described in this paper, will throw 
important light on many of the important questions which are still pending 
in celestial physics. In forming conclusions as to the state of the stellar 
atmospheres from the different densities which may be indicated by the 
modifications of the calcium spectrum, it must be borne in mind that, as 
I hri\c said elsewhere — 
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*• The conditions of the radiating photosphere and those of the gases 
above it, on which the character of the spectrum of the star depends, will 
be determined, not alone by temperature, but also by the force of gravity 
in these regions ; this force will be fixed by the star's mass and its .stage 
of condensation, and will become greater as the star continues to 
condense." * 

It may be, though on this point we have no sufficient data, that though 
the stars are built up of matter essentially similar to that of the sun, the 
proportion of the different elements is not the same in stars which have 
condensed in parts of the heavens widely different from each other, or at 
epochs greatly separated in time. It does not seem desirable to discuss 
any of these questions at the present time, as we hope before long to offer 
some explanation of the, to some extent analogous, relative behaviour of 
the lines of some other substances as observed in the sun and stars. 

Addendum, — The following letter from our friend, Professor Liveing, 
which he has given us permission to publish, contains an account of early 
experiments on the spectrum of calcium, which not only support, by a 
different method of working, the conclusions of our paper, but also seem 
to show the possible occurrence of the line H without the line K. In our 
experiments, as will be seen in the spectra on the plate, both lines are 
always present, while the K line is stronger and longer than the line H ; 
which agrees with the photographs of the prominences taken by Hale, and 
by Deslandres : — 

" I have been looking up some observations of Dewar's and mine on 
the H and K lines of calcium made in 1 879. We found that when we 
used, for the arc, carbon poles which had been heated for two days in 
chlorine to remove metals, the calcium lines were not visible at first in 
the arc, but after a time H was seen alone and not strong ; after a further 
time K was seen, and then other calcium lines came out. No doubt the 
calcium had been pretty well removed from the carbon rods to some 
depth, but not entirely from the interior, so that as the carbon burnt away 
in the arc the calcium in the interior became manifest. 

" Again, we found that when we used a perforated pole, and passed a 
stream of hydrogen into the arc through it, H and K could be both 
entirely obliterated ; but by then reducing the current of gas they gradu- 
ally reappeared ; and H always came out first, and afterwards K, and H 
remained stronger than K until they had both become strong and had 
resumed their ordinary appearance. This was seen many times. 

" Both observations seem to me to confirm your conclusions. In the 
latter case the stream of hydrogen diluted the calcium vapour, and the 
degree of dilution was controlled by the rate at which the gas was intro- 
duced. The mass of gas passing was too small to reduce the temperature 
by any considerable amount, or even, I should think, by any sensible 
amount. 

"We found also that metallic lithium introduced into the arc produced 
effects similiar to those produced by hydrogen, that is, it reduced very 
much the strength of the H and K lines. If more than a very minute 
piece of lithium were introduced, the arc was invariably broken, so that we 
did not notice the complete obliteration of H and K with the lithium. 
The reduction of the strength of H and K in this case I attribute to the 
dilution of the calcium vapour by that of the lithium." 

* Address, Report Brit, Assoc, Science^ 1891, p. 15. 
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"Note on the wave-length of the magnesium line at A4481,"* 
Profesor Crew points out that an interesting problem still remains, namely, 
o discover the laboratory conditions under which the line becomes sharp, 
stellar spectra. 

le years, at intervals, experiments have been made here in the 

laboratory on the spectrum of magnesium, with the hope of throwing light 

1 the physical conditions of the stellar atmospheres, which wc may 

isume to be indicated by the character of this line when' present ; a line 

which in the laboratory is subject lo a very wide range of modifications, 

both of character and of intensity. 

As it may be some time before these experiments are sufficiently com- 
plete for publication, it seems desirable to reproduce at once, with this 
Ereliminary note, out of the \e\y large number of spectra which have 
een taken, a few representing the most typical forms of the modifications 
of this line. 

The teaching of these experiments suggests that the condition of the 
spark-dischai^e which is most potent in bringing about modifications of 
this line, both in intensity and in character, is the greater or less sudden- 
ness of the blow of the discharge. To a small extent only does the 
character of the line appear to be affected by the quantity and the electro- 
motive force of the electricity which is in action ; indeed, such changes 
as may appear are probably brought about indirectly by the larger mass 
of material acted upon as the discharge is made more powerful. 

The appearance of the line at ^+481 in the spectrum at the lop of the 
plate may be taken as representing its normal condition with capacity in 
the secondary of the coil. When the jar is taken out of circuit, and the 
discharge of the secondary takes place directly between the magnesium 
electrodes, tlie line becomes thin, defined, and of small intensity, as in 
spectrum No. 2. In this case the electric blows are less sudden through 
the incoming of the full self-induction of the coil itself. 

The researches of Schuster, Hemsalech, Schenck, Huff, and others 
have shown that a similar effect follows when the jar-discharge is slowed 
down by the introduction into the circuit of an independent self-induction. 
The condition of the line in spectrum No. 3 shows the eflecl of the intro- 
duction of a self-induction, the conditions of the discharge remaining 
otherwise the same as in photograph No. 1. 

In spectrum No. 5 a stronger alternating current and a capacity four 
times as great as in No, i were employed, but the photograph is feeble 
from over-exposure. On the contrary, in No. 4 the coil was excited by a 
feeble continuous current, and the capacity in the circuit was reduced to a 
small jar. 

The two spectra placed below were taken some years ago with another 
spectroscope. They are of interest in showing the great \'ariation of 
intensity which the line at 4481 may undergo, without assuming its normal 

• Aslri'l'hysicnl Jonraal, xvi. 146 (rgoj). 
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320 Appendix, 

We have still before us the task of the interpretation of the difTerences 
in the mode of production of the electric spark, especially as to greater or 
less suddenness, so as to enable us to connect them with definite con- 
ditions of temperature and density of those stellar atmospheres in which 
the magnesium present absorbs radiations similar in character to those 
photographed in the laborator)'. 

London, 
Jattuary i, 1903. 
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